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of Adsorbed Polar Organic Compounds on Activity 
of Steel in Acid Solution"’ 


NorMAN HAcCKERMAN AND FE. L. Coox* 


Department of Chemistry, The University of Texas, Austin, Texas 


ABSTRACT 


A series of aliphatie acids, amines, and esters, as well as one commercial corrosion 
" inhibitor, were adsorbed from benzene solution onto SAK 1020 steel powder. These 
studies (reported elsewhere) showed that some portion of the sorbed material, depend 

ing on the compound, could not be desorbed by fresh solvent. The present work was 
| concerned with the effect of the adsorbed material on the activity of the steel powder 
in aqueous HCI. Dual adsorptions, e.g., an acid followed by an amine on the same steel 
sample, were also carried out and activities of the metal so treated were determined. 
i The ratio of the activity to that of untreated steel powder, the relative activity, was 
found to depend on the compound adsorbed and on the type of adsorption. The order 
| of inhibitor effectiveness was about the same as the order of adsorption from benzene, 
' both reversible and irreversible. In general, the acids and amines were considerably 
more effective as inhibitors than the aleohols and esters. For the acid, amine, and al 
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coke | series, 


the Cio compounds showed optimum effectiveness. When two inhibitors 


are used in the same system, greater inhibition is obtained if each adsorbs on different 


areas. 


INTRODUCTION 
The 
studied by 


inhibition of metal corrosion has been 
numerous investigators for obvious 
practical reasons. The methods of approach in 
such studies have also been widespread. Rhodes 
and Kuhn (1) cbserved the inhibiting character of 
acridine and its derivatives by measuring the rate 
of hydrogen evolution given off as iron wire dis- 
solved in inhibited 1N HoSO,. The higher molecu- 
lar weight derivatives of the same series generally 
were found to be better inhibitors against acid 
attack. An attempt to relate quantitatively the 
protective character of the adsorbed film with the 
ohmic resistance of the film was not suecessful 
although qualitative relationships were apparent. 
Mann, Lauer, and Hultin (2) demonstrated the 
inhibitive character of mono-, di-, and tri-alkyl 
amines containing from one to five carbon atoms 
in the alkyl group. By measuring the loss in 
weight of a mild steel sample immersed in 1NV 
H.SO, solution- containing the inhibitor, they 

' Manuscript received June 20, 1949. This paper pre 
pared for delivery before the Chicago Meeting, October 
12 to 15, 1949 

2 Based in part on a thesis submitted by EK. L. Cook 
to the Graduate School of the University of Texas in 
partial fulfillment of the requirements for the Ph.D. de 
gree 

' Present Magnolia 


address Petroleum Company, 


Field Research Laboratory, Dallas, Texas. 


found that both increasing the number of sub- 
stituent radicals and increasing the chain length 
of the radical improved the effectiveness of the 
inhibitor. 

Pilz and Farley (3) made a study of rust pre- 
ventive oils and developed correlations of con- 
tact angle of the oil with the surface to be pro- 
tected as a function of effectiveness of the oil as 
an inhibitor. Atkins, Baker, Murphy, and Zisman 
(4) made comparative tests on the suitability of 
rust preventives in certain synthetie lubricating 
oils. Baker and Zisman (5) made a comprehensive 
study and review of polar type rust inhibitors. In 
general, the better inhibitors were shown to be 
adsorbed from the oil phase by the metal to such 
an extent that moisture was displaced fromthe 
metal surface, or moisture penetration through the 
adsorbed inhibitor film was minimized. 

Inasmuch as the corrosion process takes place 
at the metal-medium interface, the present study 
was approached as a problem in adsorption. To 
permit a more detailed study of the individual op- 
erating variables, adsorption of polar organic ¢com- 
pounds from benzene solution was considered in 
another study (6) whereas, in the subject investi- 
gation, the inhibitive character of the adsorbed 
compounds in aqueous acid media was under- 
taken. 


Hackerman and Cook (6) showed that n-alky| 
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acids, amines, alcohols, and certain esters with 
chain lengths varying from 10 to 18 carbon atoms 
were adsorbed from benzene solution on 1020 steel 
powder. Further, all of the adsorption was not re- 
versible, the amount of irreversible adsorption 
being dependent on the functional group. Fig. 1 
shows adsorption and desorption isotherms, re- 
spectively, for the 18 carbon atom compound of 
each homologous series studied. Total adsorption, 
reversible plus irreversible, was found to be 
greater with the longer chain length, but the irre- 
versible portion was independent of chain length. 
The ‘amount of total adsorption and irreversible 
adsorption for the same chain length was in the 
order acids > amines > alcohols > esters. It was 
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Fic. 1. Adsorption-desorption isotherms of the n-Cis 
compounds indicated from benzene on steel powder at 
30°C. Adsorption ; desorption 
the purpose of this investigation to evaluate the 
relative activity of steel toward acid attack after 
having such compounds adsorbed on its surface. 


I-.XPERIMENTAL 
Sample Preparation 


SAE 1020 steel powder, 150 to 200 mesh, was 
used throughout this study in order to obtain a 
high surface area to weight ratio for this type 
material. Adsorption of the various compounds by 
the steel powder was carried out by immersing 
weighed samples of powder in benzene solutions 
of desired concentration of the various compounds 
to be studied. The adsorption concentrations var- 
ied from 0.375 K 10-* to 15 X 10°* molar. The 
amount of adsorption was determined gravimetri- 
cally by noting the weight increase of the steel 
powder due to the adsorbed compound. The 
amount of irreversible adsorption was determined 
by repeatedly contacting the powder with the ad- 
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sorbed component with pure benzene until no 
further desorption took place. The amount of 
undesorbed component was again determined di- 
rectly by gravimetric means. Complete details of 
the adsorption and desorption procedure, appa- 
ratus, and materials used have been described 
elsewhere (6). 

Samples of steel powder used in the subject 
investigation were portions of the samples used 
in the adsorption experiments. The compounds 
which were adsorbed by the steel were the alkyl 
acids varying in chain length from 6 to 18 carbon 
atoms, the alkyl amines from 8 to 18 carbon atoms, 
and the alcohols from 10 to 18 carbon atoms. 
Methyl, ethyl, and n-butyl stearate, and ethyl 
laurate were also studied. The acids except caproic 
and benzoic were ep grade obtained from the 
Paragon Testing Laboratories. Melting points and 
freezing points deviated not more than 1.0°C from 
the values reported by Mumford and Phillips (7). 
The caproic and benzoic acids were ep grades ob- 
tained from Bender and Hobein, Munich, Germany, 
and Baker Chemical Company. The alcohols were 
Eastman best grade and the esters were ep grade 
obtained from Paragon. The amines were of the 
“distilled” grades, all being of 90 per cent purity 
or better, the impurities being amines containing 
2 CH, groups more or less than the subject com- 
pound. A commercial inhibitor, Kontol 115,‘ used 
successfully in inhibiting natural gas wells, was 
also studied. 


Relative Acidity Test 


The protective character of the adsorbed polar 
compounds against acid attack was indicated by 
the rate with which the metal dissolved in acid 
solution and liberated hydrogen gas. The test 
which was used throughout this study required 
the use of 5 grams (+1 mg) of the dry metal 
powder upon which the given compound was ad- 
sorbed. The weighed sample was placed in a 250 
ml Erlenmeyer flask to which a gas delivery tube 
and a 100 ml burette were connected by means of 
a rubber stopper. The discharge tube led to an 
inverted water-filled graduated cylinder. The flask 
and graduated cylinders were partially immersed 
in a water bath maintained at 30°C (+0.1°C). By 
means of the burette, 100 ml of 4.00N HCl were 
measured into the Erlenmeyer flask and the hy- 
drogen evolved as a result of the acid attack on 

‘Kindly supplied by the Tretolite Company, St. 
Louis, Missouri. 
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the steel observed in the graduated cylinder. A 
100 ml correction was made for the volume of air 
displaced by the acid. 

The time required for the production of 36, 81, 
and 126 ml of hydrogen gas was recorded, the 
starting time being taken at.the instant the first 
drop of acid was discharged from the burette. 
Since 100 ml of 4.00N acid represented a 100 per 
cent excess over the amount required to com- 
pletely dissolve the steel, and the quantities of hy- 
drogen evolved represented only 1.6, 3.4, and 5.2 
per cent of the metal being dissolved, a maximum 
decrease in concentration of the acid from 4.00 to 
3.90N occurred during the test period, thereby 
causing only a very slight change in the rate of 
attack due to concentration changes. 

The effectiveness of the polar compound on the 
steel powder as an inhibitor was indicated by 
comparing the time for evolving the above given 
quantities of hydrogen to that for a similar sample 
of fresh steel powder which had no adsorbed polar 
compound on its surface. The ratio of the period 
for the untreated powder to the respective period 
for the treated powder was taken as the relative 
activity. 

The duplicability of this test was within +5 per 
cent. By assuming a surface area of 0.07 m?*/g for 
the steel powder, based on a minimum value ob- 
tained from adsorption data, the data expressed as 
relative activity may be converted to corrosion 
units of mdd by multiplying the initial relative 
activity by a factor of 366. 

RESULTS AND DiIscussION 
Acids 

Fig. 2, 3, and 4 show the relative activity data 
for stearic, capric, and caproic acids, respectively, 
plotted against the concentration of the various 
solutes when adsorbed from benzene solution. The 
relative activity of the metal toward acid attack 
during the dissolution of the first increment of the 
metal (0-1.6% by weight) gave a curve similar 
to an adsorption isotherm when plotted against 
the adsorption concentration. However, compari- 
son of the relative activity curves with the adsorp- 
tion curves indicates the greater adsorption at the 
higher concentrations did not materially decrease 
the relative activity further. After 1.6 per cent of 
the metal had dissolved, however, the relative 
activity in the lower adsorption concentrations in- 
creased markedly, whereas the higher concentra- 
tions increased only slightly. After 3.4 per cent of 


ACTIVITY OF STEEL IN ACID SOLUTION 3 


the metal had dissolved, a further slight increase 
occurred. This was noted throughout the concen- 
tration range studied. 

Each figure also shows results obtained on sam- 
ples after they had been subjected to the benzene 
desorption procedure. Relative activities of the 
desorbed samples also gave an adsorption isotherm 
type curve when the initial relative activities were 
plotted against the original adsorption concentra- 
tion. The flat type curve was similar to the adsorp- 
tion isotherm for the desorbed samples and the 
displacement of the curve from unity may be at- 
tributed entirely to the undesorbed portion 
observed in the desorption studies. After dissolu- 
tion of 1.6 per cent of the metal, however, the 
relative activity approached 1.0 at all adsorption 
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Fic. 2. Relative activity curves for steel pretreated 
with stearic acid as indicated. The activity of untreated 
steel powder is taken as unity on all of the relative 
activity curves. 


concentrations. It is of interest to note that the 
activity exceeded 1.0 at the most dilute adsorption 
concentrations. This dip in the curve cannot be 
attributed to experimental error and was observed 
in numerous cases. The alcohols and esters showed 
this effect most strongly, acids and amines show- 
ing it to a lesser extent. 

A possible explanation of the ‘‘promoter action”’ 
is that a portion of the adsorbed polar molecules 
are desorbed by the medium or blown off the 
surface by evolving hydrogen. These molecules 
lower the interfacial tension of the aqueous me- 
dium surrounding the metal particle. As a bubble 
of hydrogen gas is formed on the surface of the 
metal particle, a liquid-gas interface forms, for 


which there is a certain contact angle on the 
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metal. If the interfacial tension is further de- 
creased, the contact angle through the liquid 
with the metal surface will be decreased and the 
bubble will be displaced more readily than if the 
interfacial tension had not been reduced. The ob- 
served promoter action is, therefore, believed to 
be due to the reduction in the number of big hy- 
drogen bubbles present on the surface of the par- 
ticles as a result of the interfacial tension lowering. 
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ia. 4. Relative activity curves; caproie acid 


New bubbles formed on the same points would not 
be as large. This implies that the true rate of acid 
attack is not accelerated, but that the apparent 
rate of hydrogen evolution is affected by the 
change in hydrogen inventory on the surface. Once 
the solution reaches a near equilibrium interfacial 
tension, the steady state evolution rate is realized. 
Further work on this aspect is anticipated. 
Caprice acid data are shown in Fig. 3. It should 
be noted that not only is the initial activity level 
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slightly lower in value than stearic acid, but that 
subsequent dissolution did not increase the ac- 
tivity value markedly. Further, after desorption 
of the steel samples, the relative activity values 
increased only slightly over the original samples. 
This indicates that the undesorbed portion of the 
Ce acid was responsible for the major portion of 
the reduction in rate of acid attack on the steel, 
contrary to the action of stearic acid. Palmitie and 
lauric acids are not shown, but their inhibiting 
characteristics fell between those described here 
for stearic and capric acids. 

As previously described (6), caproic acid sorp- 
tion from benzene solution on steel was so strong 
that complete reaction with the metal was ob- 
served as indicated by the blue coloration of the 
adsorption solutions due to ferrous caproate. 
However, the extent of metal dissolution due to 
the caproi¢ acid attack was small. Desorption ex- 
periments indicated the principal portion of the 
adsorbed phase to be undesorbable. The relative 
activity data for caproic acid samples, shown in 
Fig. 4, confirm such observations. The initial 
relative activities of the adsorbed and desorbed 
sumples were essentially the same. The inhibitive 
action of caproie acid was notably inferior to 
either stearic or capric acids. After 1.6 per cent 
of the metal had dissolved, no protective action 
Was apparent and data obtained on such samples 
were erratic. 

Benzoie acid attacked the steel powder strongly, 
even in benzene solution (6). Relative activity 
data (not shown) indicated that neither the ad- 
sorbed nor the desorbed samples were inhibited to 
any appreciable extent. 


Amines 


Fig. 5, 6, and 7 show the relative activity of 
steel samples with adsorbed octadecyl, decyl, and 
octyl amines, respectively. Hexadecyl, tetradecyl, 
and dodecyl amines were also studied, but showed 
no unusual behavior. Octadecyl amine was not as 
effective as the corresponding acid in reducing the 
activity of the metal against acid attack. The de- 
sorbed samples were particularly ineffective. 
Decyl amine, however, gave results similar to 
those for caprie acid. The adsorbed samples con- 
tinued to show good inhibition even after 5.2 per 
cent of the metal was dissolved. Desorption did 
not increase the initial activity of the metal appre- 
ciably, but after 1.6 per cent dissolution the rate 
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increased more rapidly than with the adsorbed 
samples. 
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Fic. 7. Relative activity curves; octyl amine 


Samples with adsorbed octyl amine were in- 
ferior to decyl amine samples in that the initial 
activities were much higher and continued dis- 
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solution of the metal caused rapid increase in the 
rate of acid attack. Desorption of octyl amine in- 
creased the activity markedly. It should be 
pointed out that the Cy amine, like the Cy acid, 
appeared to give the best inhibition against acid 
attack. This appeared to be true particularly for 
the desorbed samples, although the amount of irre- 
versibly adsorbed component, on a moles/unit 
area basis, was essentially the same for each 
homologous series. Tetradecyl and dodecyl amine 
samples (curves not shown here) gave slightly 
lower initial activities than decyl amine at the 
highest adsorption concentrations but, as dissolu- 
tion progressed, the rates increased more than for 
samples with adsorbed decyl amine. The desorbed 
Cy, and Cy amine samples were not as effectively 
inhibited as the desorbed Cj) amine samples. 


Alcohols 


Fig. 8 and 9 show the relative activity data ob- 
tained on samples with adsorbed octadecyl and 
decyl alcohols, respectively. The alcohols, as a 
group, were less effective than acids or amines in 
reducing the rate of acid attack. After the first 
increment of dissolution, it is to be noted that the 
apparent rate of acid attack increased to give a 
relative activity in excess of 1.0. This phenome- 
non, ascribed to lowering of the interfacial ten- 
sion, was described above in connection with the 
organic acids. The alcohols showed this effect more 
than any of the other homologous series studied. 
Desorption of octadecy! alcohol left the steel sur- 
face inhibited only to a very slight extent, and 
after the first increment of dissolution, the rate of 
attack went through a maximum and then ap- 
proached that of the uninhibited metal. 

The relative activity in excess of 1.0 is again 
explained on the basis of a decrease in inventory 
of hydrogen gas adsorbed on the metal surface due 
to the lowering of the interfacial tension. Decyl 
alcohol gave results similar to those for octadecy] 
alcohol in most respects, except that the relative 
activity remained considerably lower after the 
first increment was dissolved. Desorption — in- 
creased the initial activity only slightly, but sub- 
sequent dissolution was apparently “‘promoted’’ 
due to the interfacial tension lowering. Cety], 
myristyl, and lauryl alcohols were also run but dif- 
fered only in that samples with adsorbed cetyl and 
myristyl aleohols gave slightly lower initial ac- 
tivities than decyl alcohol. Either subsequent 
dissolution of the metal or desorption increased the 
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relative activity to values above those of decyl 


alcohol. 
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Fic. 8. Relative activity curves; octadecyl! alcohol 
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Fic. 10. Relative activity curves; methyl] stearate 
Esters 
Relative activity data on samples with adsorbed 
methyl stearate are shown in Fig. 10. Ethyl and 
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butyl stearate and butyl! laurate were also studied, 
but gave similar results and are not shown. The 
adsorbed samples were initially effective in lower- 
ing the activity but subsequent dissolution caused 
increased activity, particularly for the samples 
where adsorption took place in the lower concen- 
trations. The esters also displayed the apparent 
promoting effect to some extent. Increasing the 
size of the aleohol group of the ester from one to 
four carbon atoms had no appreciable effect on 
inhibitive properties of the ester, nor did decreas- 
ing the length of the acid chain from 18 to 12 ear- 
bon atoms. 


Commercial Inhibitor 


Relative activity data obtained on Kontol 115, 
a commercial inhibitor, are shown in Fig. 11. The 
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Fic. 11. Relative activity curves; Kontol 115 


isotherms (Fig. 1) for this compound (a n-alkyl 
succinimide with a molecular weight of approxi- 
mately 350) are typical of those obtained with the 
various alkyl homologous series described formerly 
(6). The relative activity data are similar to those 
obtained from the acids and amines. The adsorbed 
samples showed low initial activities which in- 
creased slowly with continued dissolution. Desorp- 
tion increased the initial activity only slightly al- 
though subsequent dissolution brought about a 
more rapid increase in activity. 


Dua! Adsorbed Systems 


During the course of adsorption studies with the 
steel powder-benzene-solute system (8), it was 
found that the steel samples with irreversibly ad- 
sorbed acid, when placed in benzene solutions of 
amines, adsorbed the amine without apparent loss 
or displacement of the originally irreversibly ad- 
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sorbed acid. The amount of irreversibly adsorbed 
amine was less than the amount of irreversibly 
adsorbed amine normally taken up by fresh steel 
samples, although the reversible portion was only 
slightly less than that obtained with fresh powder. 

The reverse system, first. adsorption of amine, 
desorption, and adsorption of acid along with the 
undesorbable amine, gave similar results. 

The adsorption of acid on steel samples, which 
had undergone the adsorption-desorption cycle with 
either alcohol or ester, behaved in a similar man- 
ner except the quantity of irreversibly adsorbed 
acid taken up, plus the already present undesorba- 
ble alcohol or ester, amounted to that required to 
cover approximately the same area that the acid 
alone covered on a fresh steel surface. If, however, 
acid were first adsorbed, and then adsorption of 
alcohol or ester permitted, no further increase in 
the amount of irreversible adsorption was ob- 
served. This series of experiments indicated that: 
(a) irreversible adsorption of acids and amines took 
place to a large extent on different portions of the 
surface area, but some areas could accommodate 
either acid or amine; (b) alcohols and esters were 
irreversibly adsorbed on some of the sites on which 
acids were normally adsorbed and on no others; (¢) 
irreversibly adsorbed acids did not displace simi- 
larly adsorbed amines or vice versa; (d) aleohols 
and esters, which were irreversibly adsorbed on 
fresh steel to a lesser extent than were acids, were 
not irreversibly adsorbed on steel surfaces already 
holding irreversibly adsorbed acid. Irreversible 
adsorption of acids on steel with alcohols or esters 
already irreversibly adsorbed took place only to 
the extent required to cover the remaining acid 
adsorbing areas not covered by the alcohol or ester. 

Fig. 12 shows the relative activity data on sam- 
ples which first adsorbed stearic acid, then were 
desorbed and permitted to adsorb octadecyl amine. 
The data shown as “desorbed” refer to the sam- 
ples after desorption of desorbable amine, thereby 
leaving undesorbable acid and amine on the sur- 
face of the steel samples. This system showed the 
adsorbed samples followed the trends for octadecy] 
amine (Fig. 5), but the activity level was about 
0.15 unit less. The desorbed samples followed that 
for the desorbed stearic acid (Fig. 2) with the 
same 0.15 unit decrease in relative activity. The 
difference, in the first case, may be considered due 
to the irreversibly adsorbed acid and, in the second 
case, due to the undesorbable amine. 

The dual system, adsorption of laurie acid then 
desorption followed by adsorption of dodecyl 
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~ 


amine, also behaved as described just above with 
the exception that considerably more inhibition 
was indicated than with the Cis system. 

teversal of the dual adsorption process did not 
improve the inhibition. Fig. 13 shows the system 
which first adsorbed octadecyl amine and then 
stearic acid. The adsorbed samples showed poorer 
inhibition than stearic acid alone, but were com- 
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Fic. 12. Relative activity curves for the dual ad- 
sorbed system: stearic acid-octadecyl amine. 
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Fic. 13. Relative activity curves; octadecyl amine- 
stearic acid. 


parable to octadecyl amine alone. The desorbed 
samples were slightly lower in activity than the 
desorbed acid samples. The dodecyl amine-lauric 
acid system followed similar trends. 

The stearic acid-octadecyl alcohol system 
shown in Fig. 14 acted as might have been pre- 
dicted. The alcohol, adsorbed along with the firmly 
adsorbed stearic acid, showed an activity level be- 
low stearic acid alone, but above octadecyl alco 
hol. The second dissolution increment displayed 








8 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


the promoting effect, as did the alcohol samples. 
The desorbed samples gave activities almost 
within experimental limits identical with desorbed 
stearic acid values. This would have been pre- 
dicted since no aleohol remained adsorbed after 
the final step in the treatment of samples upon 
which stearic acid was first adsorbed. The reverse 
system, shown in Fig. 15, gave results similar to 
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stearic acid. 


the stearic acid samples. The activity level was 
slightly higher, probably because of the portion 
of firmly adsorbed alcohol being inferior to a com- 
parable amount of firmly adsorbed acid in reduc- 
ing the activity. The desorbed samples showed ac- 
tivities only slightly higher than for stearic acid. 
This indicated again that the presence of the 
firmly adsorbed alcohol was inferior to an equiva- 
lent amount of acid. 
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The stearic acid-methyl stearate and reverse 
systems gave essentially the same results as the 
acid-alcohol systems, the ester taking the part of 
the alcohol. 


CONCLUSIONS 


It was found, in the systems used in this study, 
that acids and amines were considerably better 
inhibitors than alcohols and esters. This order is 
the same as the extent of total adsorption or irre- 
versible adsorption from benzene solution by the 
steel. Adsorption from solutions of high concentra- 
tions did not improve the initial protecting ability 
of the compounds to any marked extent, but under 
prolonged acid attack, the inhibition lasted longer. 
The flat nature of the activity vs. adsorption con- 
centration curves indicates that the total amount 
of polylayer, or less firm adsorption, is not initially 
as effective as the irreversible adsorption, but ap- 
parently becomes effective as dissolution of the 
metal continues. This may be explained by migra- 
tion of loosely adsorbed molecules onto areas where 
corrosion or hydrogen evolution brings about fresh 
uncovered surface. 

The alcohols, in particular, appeared to act as 
promoters for a short period after an initial period 
of inhibition. This was probably only an apparent 
promotion which was brought about by a change 
in size of the hydrogen bubbles evolved. Since the 
corrosion rate was indicated by the hydrogen 
evolution rate, a decrease in the interfacial tension 
of the surrounding solution decreased the amount 
of hydrogen gas adsorbed on the surface. During 
such a period of change in inventory of gas on the 
surface, an anomalous corrosion rate would result. 

With the acids, amines, and alcohols, the Cy 
compound showed the best inhibiting properties. 
Chain lengths of more or less than 10 carbon 
atoms were comparatively less effective. This was 
particularly true of the samples which had been de- 
sorbed. Apparently this chain length is optimum 
for the combination of forces required of a good 
inhibitor. It should be noted from adsorption 
studies (6) that the amount adsorbed is not a 
maximum at this chain length for any of the ho- 
mologous series studied. 

The function of an inhibitor may be broadly 
considered as twofold: (a) The molecules should 
form a barrier to prevent diffusion of the corrosive 
agent to and the corrosion products from the sur- 
face. This is performed both by properly oriented 


chains and functional groups. A longer chain would 
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presumably improve this property. (b) The ac- 
tivity of the metal in the surface should be de- 
creased by bonding with the irreversibly adsorbed 
component. The better inhibition shown by the 
Cy compound is considered to be due to the en- 
hanced activity of the functional group as compared 
to the longer chain compound. Thus, by using a 
longer chain than the above indicated optimum 
of Cy with a more active functional group, or with 
an activating influence such as an a-substitution, 
a better inhibitor would result. The activity of the 
functional group must not be great enough to 
cause complete reaction with the metal. 

The use of more than one inhibitor in systems 
similar to those used in this work is more effective 
when the two components are capable of being 
adsorbed on different specific areas. 
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The Electrochemical Behavior of Aluminum 


I. In Solutions of Cerium Sulfate in Sulfuric Acid! 


J. V. Perroce.ii 
The Patent Button Company, Waterbury, Connecticut 


ABSTRACT 
A study has been made of the reactivity of pure aluminum with cerium* sulfate in 
sulfurie acid. Electrode potentials, weight loss data, and polarization curves are pre- 
sented, and it is shown that the reaction may be interpreted from an electrochemical 
point of view. The theory of the ‘“‘mixed potential” is suggested as a more generalized 
concept than the local cell idea for the interpretation of the dissolution process. A brief 
outline of a probable mechanism for the dissolution and passive behavior of aluminum 


is presented. 


INTRODUCTION the reaction should be fairly well defined within 
some characteristic voltage and current range. The 
work with the system cerium*-cerium* sulfate in 
sulfuric acid is reported here. 


The reaction of metals with electrolytes has 
been a subject of rather intensive study for many 


years, and although a wealth of experimental data a : ery 
rhe standard electrode potential of this system 


and the fact that the cerium* ion forms a complex 
has been determined by Smith and Getz (8). The 
characteristics of the polarization curves for the 


has been accumulated, there are many details con- 
cerning the reaction mechanism which are still 
unknown or obscure (1). Many of the theories 


which have been proposed to explain some of the ; 
system on inert electrodes have been determined 


important phenomena concerned in the reaction , : 
in this laboratory (9). 


such as hydrogen overvoltage and passivity are not 
generally acceptable (2, 3). The electrochemical . - : 

= ; Mixep PorentiAL THEORY AND NOMENCLATURE 
theory of corrosion which postulates local cell ac- 


tion on the metal surface has, however, gained a Generally, when a reaction takes place between 
wide popularity, if not a general acceptance. But a metal and an electrolyte, it may be interpreted 
even here, many questions arise as to the exact in terms of current flow across the metal-solution 
nature of the local cathodic and anodic areas interface. According to the modern theory of 
(4, 5). solids (10), a metal is composed of positively 
The work reported in this paper is part of an charged ions situated at the lattice points, while 
investigation which is aimed at obtaining some the valence electrons are quasi-free forming a sort 
basic information on the mechanism of electrode of electron gas which obeys the Fermi-Dirae 
reactions. Aluminum was chosen for the following statistics. These electrons are not bound to any 
reasons: (a) it can be obtained in a relatively pure particular ion but move rapidly through the metal 
state; (b) although from a thermodynamic point in such a way as to maintain an approximate uni- 
of view it should be very reactive with most all form density. 
electrolytes, it reacts very slowly and exhibits elec- In any reaction, therefore, we may consider the 
trode potentials which are quite noble to its re- reacting components of the metallic phase to be 
versible potential; (¢) it shows, under many the positive ions and electrons which make transi- 
conditions, rectifying properties. It was also de- tions across the metal-solution interface. The cur- 
cided that some oxidation-reduction system which rent carried by the positive ions when they leave 
has a fairly noble standard potential would be an the metal lattice and go into the solution may be 
interesting substance to use as the electron accep- considered as an anodic current, 7,, and the cur- 
tor. With such a system, the cathodic portion of rent carried by the electrons as they leave the 


' aap metal for the solution may be considered as . 
‘Manuscript received May 12, 1949. This paper ‘ nsidered as the 


prepared for delivery before the Chicago Meeting, 
October 12 to 15. 1949 flow, which is a measure of the velocity of these 


cathodic current, 7.. The magnitude of the current 
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ionic and electron transitions, will be governed by 
any electrical potential difference existing ‘at the 
metal-solution interface. 

The functional dependence of the electron cur- 
rent, when electrons make transitions from the 
metal to the solution, on the electrode potential, 


f-(i-), is usually designated as the cathodic polari- 


zation function and yields the well-known cathodic 
polarization curve, while that of the ionic current, 
when metal ions make transitions from the metal 
to the solution, fa(ts), is designated the anodic 
polarization function. These polarization func- 
tions, as defined here, are in terms of the current 
density per square centimeter of apparent area of 
the electrode surface. They are, therefore, general 
functions and no assumptions are made as to the 
actual fraction of the apparent area that is 
cathodic or anodic. If the true cathodic and/or 
anodic areas are different from the apparent area 
and should vary during the polarization, the effect 
will be included in the polarizing functions [,(7,) 
and fa(i.). These functions also include all effects 
which may be present such as concentration po- 
larization, overvoltage, ohmic resistance drops, ete. 

When an electrode is placed in a solution con 
taining an oxidation-reduction system and the 
electrode material takes part in the reaction so 
that the whole system is not in oxidation-reduc- 
tion equilibrium, the measured electrode potential 
on open circuit may be called the ‘‘mixed poten- 
tial” (11, 
whereby the oxidized system is being reduced and 


12). There will be a cathodic current 7,, 


an anodic current 74, whereby the metal ions are 
dissolving, and the two currents will be of equal 
magnitude on open circuit. This open circuit local 
action current may be designated 7), and the open 
circuit electrode potential designated as 2 

If the electrode potential is varied by polarizing 
the electrode by an external means, the reaction 
velocities 7. and 7, will vary according to the 
polarization functions f. and f,. A possible set of 
polarization curves for some particular metal and 
oxidation-reduction system is shown schematically 
in Fig. la. Here, the curve a-b-c is the cathodic 
polarization curve, given by f.(7.), for the redue- 
tion of the oxklized form of the oxidation-reduc- 
tion system on the surface of this particular metal. 
We shall designate this as the ‘real’? cathodic 
polarization curve for the oxidation-reduction sys- 
tem. The curve d-e is the anodic polarization 
curve, given by fa(¢a), for the metal. The point of 
intersection M represents the mixed potential E°, 
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and the local action current 7%, in the steady state 
on open circuit. 

It may be noted here that the reaction will 
be under diffusion control only if the curve d-e 
crosses the curve a-b-c at potentials more negative 
than point ‘‘b.” 

When the electrode is polarized by an external 
means, the electrode potential changes and the 
cathodic and the anodic currents will shift on 
their respective polarization curves, and for any 
given electrode potential there will be a corre- 
sponding value of 7, and 7, which may be read off 
the respective polarization curves d-e and a-b-c. 

















ca i) 


Fig. 1. 


metal and an oxidation-reduction system; (b) schematic 


(a) Schematic self-polarization curves for a 


external polarization curve when the metal is polarized 
by external means. 


Thus, if the electrode is cathodically polarized to 
the potential £, by the application of an external 
cathodic current density /,, the total cathodic reac- 
tion will be 


t-=1,+T, 


as shown in the figure. On the other hand, if the 
electrode is anodically polarized to the potential E. 
by the application of an external anodic current 
density J,, the total cathodic current will be 


If the above electrode were polarized from the 
potential £; to Ly by external means and the curve 
depicting EF vs. J plotted, it would appear as curve 
e-a-b-e in Fig. 1b. We will designate this curve as 
the external polarization curve. Here J, and /, are 
the externally applied cathodic and anodie cur- 
rent The extrapolated 
curve a-d is the portion of the anodic polarization 


densities, respectively. 
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curve M-d of Fig. la. The “real” or actual cathodic 
current density on the electrode will be given as 
shown above by 7. = @@ + J, the plus or minus 
sign being used depending upon whether the ex- 
ternal current J is cathodic or anodic. 

Although the idea of a mixed potential, as pre- 
sented here, may lead to the same results as the 
theory of local elements, we believe that the for- 
mer presents a more generalized point of view. 
The mixed potential theory leads to the conclusion 
that there exists on a metal surface, which is 
undergoing dissolution, two or more independent 
electrochemical reactions which are only related 
by the electrical potential difference which exists 
between the metal and the solution. This notion of 
two independent electrochemical reactions on the 
same surface was also arrived at by Wagner and 
Traud (13). The theory does not depend upon the 
concept of local elements, although this latter con- 


cept comes under the theory as a special case. 
eX PERIMENTAL 
Materials and Apparatus 


Pure aluminum (99.99) in the form of chill cast 
rods, 1.2 em in diameter, and rolled sheet, 0.25 mm 
thick, was used. All solutions were made up with 


TABLE L. Composition of the certum sulfate 


solutions 


Solution Ce( SO, Cea(SO, HeSO, 
mole moles /l moles /l 

l 0.10 0.10 2.5 

2 0.25 0.10 2.5 

3 0.40 0.10 2.3 

| 0.6 0.1 2.5 

5 0.15 0.05 2.5 

6 0.05 0.0 2.5 

7 0.05 0.0 0.5 

8 0.10 0.0 5.0 


redistilled water and reagent grade chemicals. The 
compositions are given in Table I. 

The electrode potential measurements were 
made with a potentiometer used in conjunction 
with a vacuum tube amplifier. A saturated calomel 
cell was used as the reference electrode and a glass 
tube, filled with the particular solution being 
studied, served as a salt bridge. One end of this 
tube was drawn down to a fine capillary and 
pressed close to the back of the electrode (14). 

The electrolysis cell was a conventional H type 
cell which consisted of two separate compartments 
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connected by a small bore tube. One of these com- 
partments contained the electrode under study 
and the capillary tipped tube which made connec- 
tion with the calomel cell on the outside. The vol- 
ume of solution in this compartment was 300 ml. 
The other compartment contained a large plati- 
num sheet, which served as the auxiliary elec- 
trode, immersed in 100 ml of solution. Two copper 
coulometers were placed in series with the cell 
during weight loss measurements. 

Most of the experiments were run in a ther- 
mostatically controlled water bath where the tem- 
perature was controlled to +0.1°C. Although no 
appreciable difference was observed bet ween results 
obtained in air free solutions and air saturated 
solutions, nitrogen was used in most of the experi- 
ments. 

All the data presented were obtained with sta- 
tionary electrodes and still solutions. All values of 
electrode potentials are given with reference to the 
saturated calomel electrode. 


Procedure 

The surface of the metal specimens was pre- 
pared as follows: The rods were turned on a lathe, 
polished with a coarse emery paper, and cleaned 
in nitric acid. They were then given a regular 
metallographic polish using a kerosene-paraffin 
mixture with the papers and finally obtaining a 
high polish with pure alumina. The sheet alu- 
minum was polished with #0000 paper only and 
then cleaned in hot acetone, distilled water, and 
rubbed lightly with soft tissue and distilled water. 
Great care was taken in order not to leave any 
abrasive particles imbedded in the surface. The 
specimens were then weighed and all but a defined 
area of 2.0 to 10.0 em? was coated with an insulat- 
ing lacquer. 

The data reported were obtained by the follow- 
ing three well-known types of measurements: 

1. Time-potential and weight loss measurements 
were made on specimens exposed to the solutions 
on open circuit. The time varied from 30 minutes 
to about 5 hours. 

2. External polarization curves were obtained 
as follows: The aluminum electrode was placed in 
the cell and allowed to stand on open cireuit until 
a fairly steady potential was obtained; generally 
ten minutes sufficed. It was then polarized by the 
application of an external current. After the 
polarizations on any one aluminum specimen were 
completed, a platinum electrode of the exact shape 
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and size as the aluminum electrode was placed in 
the cell in exactly the same position and polarized. 
The purpose of the platinum experiment and the 
precautions taken was to obtain the limiting dif- 
fusion currents of the oxidation-reduction system 
on an inert electrode for any given solution and 
compare it with that obtained on aluminum. 

3. The weight loss of the specimen was obtained 
after it had been exposed to the solution at a pre- 
determined and constant potential. This was 
achieved by polarizing the aluminum electrode as 
above but regulating the externally applied cur- 
rent so that aluminum assumed and maintained 
a given potential for 3.0 to 5.0 hours. The average 
value of the external current was obtained from 
the coulometers. Although there was some drift 
in the required external current, the variations 
were generally less than 5 per cent and never 
greater than 10 per cent of the mean value. 

In order to be sure that no appreciable ohmic 
voltage drop was being introduced due to the posi- 
tion of the capillary tip, experiments were per- 
formed with the tip placed at close contact and 
3 mm away from the electrode. No appreciable 
differences were noted in the results. 

The reactivity of the aluminum as indicated by 
its weight loss is given in all cases in terms of cur- 
rent per square centimeter of apparent area and 
designated as ig. The externally applied current 
is expressed in a similar manner and designated 
/, or 1, for external anodic and cathodic polariza- 
tion, respectively. 


RESULTS 


Time-Potential Behavior and Reactivity 
of Aluminum 


The variation of the electrode potential with 
time was recorded and the weight loss was de- 
termined for many specimens on open circuit. On 
immediate immersion, the potential was very 
cathodic and then changed rather rapidly to more 
anodic values becoming fairly steady after about 
10 minutes. The general behavior is shown in Fig. 
2. The steady state potential on open circuit at 
25.0°C was about 0.0 volt, +0.1 volt in all of the 
solutions of cerium sulfate in sulfuric acid, while 
in sulfurie acid it was about —0.9 volt. While any 
given specimen maintained a steady state poten- 
tial within a few centivolts, a variation of as much 
asa tenth of a volt was shown at times by different 
specimens. 

The rate of dissolution of aluminum on open 
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circuit at 25.0°C corresponds to about 0.4 ma/em? 
in all of the cerium sulfate solutions when H.SO, 
is 2.5. and is independent of the ceric sulfate con- 
centrations and time of immersion used. It in- 
creases to about 0.5 ma/cem? when the H.oSO, con- 
centration is increased to 5.0.7 and decreases to 
about 0.2 ma/cm? when the acid concentration is 
decreased to 0.5M. At 50.0°C the dissolution rate 
increases to about 2 ma/cm? in the cerium sulfate 
solutions when HsSO, is 2.5.7. 

The variations of the dissolution rate from one 
specimen to another in any one solution were 
within 0.1 ma/em?. 
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Fic. 2. Time-potential relationship in cerium sulfate 
solution 3 at 25.0°C, 


Within these limits the results are more or less 
independent of the surface preparation. Thus, the 
specimens may be used immediately after prepara- 
tion, or days afterward they may be etched with 
HCl to reveal grain structure before immersion or 
just cleaned in the as-cast or rolled state and yield 
about the same results. 

No evolution of gas could be detected on the 
surface while on open circuit in the cerium sulfate 
solutions. 


External Cathodic Polarization 


Fairly well-defined external cathodic polariza- 
tion curves were obtained on aluminum in all of 
the solutions. The curve consists of two waves,the 
cerium?! reduction wave and the hydrogen ion re- 
duction wave. A typical cerium* reduction curve 
is shown in Fig. 3 where the results were obtained 
on a specimen which was immersed in the solution 
for 24 hours. It was polarized soon after immersion 
and just prior to its removal. The limiting diffusion 
current for the cerium** sulfate reduction obtained 
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on aluminum was, in all cases, approximately the 
same as that obtained on platinum for any given 
solution. 

The curves were quite reproducible and do not 
change appreciably with time of immersion. The 
curves on different specimens are almost identical 
except for some displacement of the whole curve 
on the F axis of about 0.1 volt; this displacement 
is due to the difference in open circuit potential 


of some specimens. 
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Fic. 3. External cathodic polarization curve for 
aluminum in cerium sulfate solution 4 at 25.0°C. The 
values plotted are J, vs. E. soon after immersion; 


@— after 23 hours immersion. 


TABLE IL. The limiting current density on aluminum 
and platinum, the electrode potential, and the reactivity 
of aluminum as a function of the cerium** sulfate con- 
centration in 2.5M H.SO, 


Ce(SO, I.)4 on Pt T-)a on Al io on Al FE» Al 
mole ma/cm ma/cm? ma/cm?* volts 
0.05 0.8 0.8 0.4 -0.1 
0.15 1.8 1.8 0.3 —0.1 
0.25 3.8 3.7 0.4 +0.0 
0.40 5.6 5.0 0.4 +0.0 
0.6 6.5 7.0 0.3 +0) .1 


Generally, the open circuit potential, assumed 
by the aluminum immediately after a cathodic 
polarization had ‘been performed, was more 
cathodic than the steady state value, and slowly 
recovered to the original value. 

The data presented in Table II show how the 
limiting diffusion current for cerium* sulfate re- 
duction on aluminum and on platinum, the rate 
of dissolution of aluminum, and the open circuit 
potential of aluminum depend upon the concen- 
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tration of cerium* sulfate in solutions which were 
2.5. with respect to H.SO,. It may be noted that 
the cerium**-cerium* electrode potential on plati- 
num was in all cases about +1.2 volts and varied 
in a reversible manner with changes in the salt 
concentrations. 


External Anodic Polarization 


Many aluminum specimens were anodically 
polarized in 0.5, 2.5, and 5.0M sulfurie acid and 
in the various cerium sulfate solutions. Although 
the anodic polarization curve in H.SO, is not linear 
when considered over a wide potential range, it 
is very close to a linear relation from the open 
circuit potential, —0.9 volt to about +1.5 volts. 
Since we are primarily concerned with this poten- 
tial range in the present study, we may consider 
the curve as approximately linear. The slope of 
the curve is about 3000 ohms in 0.5. acid, and 
about 2000 ohms in 2.5 and 5.0M acid at 25.0°C. 
In the latter solutions it decreases to about 300 
ohms at 50.0°C. 

The anodic curves in the cerium sulfate solu- 
tions show a “‘wave,” the upper part of which is 
linear. This linear section is almost identical to the 
anodic curve which is obtained in HoSO, in the same 
potential region. When any one aluminum speci- 
men was anodically polarized both in H.oSO, and 
in a cerium sulfate solution which had the same 
concentration of H.oSO,, it was found that the 
linear section of the curve obtained in cerium sul- 
fate lies a little above the curve obtained in H.SO,, 
but otherwise is almost identical to it. If the linear 
section of the curve obtained in cerium sulfate is 
extrapolated back to the potential axis, it is almost 
identical to the anodic polarization curve obtained 
in H.SO,. It was found that the value of the cur- 
rent on this extrapolated curve, which corresponds 
to the open circuit potential of the aluminum, is 
equal to the rate of dissolution of aluminum on 
open circuit, 7, = 7, in the particular solution as 
obtained by weight loss within about +0.1 
ma/em?’. 

A typical set of anodic polarization curves is 
shown in Fig. 4, where curve A was obtained in 
2.5M H.SO, and curve B in a solution of cerium 
sulfate in 2.5.17 H.SO,. At no time was there any 
evidence of a wave for the oxidation of cerium** 
sulfate. 

These results strongly indicate that the ex- 


trapolated curve, obtained from the external 
anodic polarization in cerium sulfate, is the ‘‘self”’ 
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anodic polarization curve of aluminum.’ In addi- 
tion it appears that this self-anodic polarization 
curve is approximately the same as the anodic 
polarization curve for the aluminum in H.SO, of 
the same strength, obtained by external polariza- 
tion. It should, therefore, be possible to interpret 
the results by the use of the mixed potential the- 
ory. 
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Fig. 4. External anodic polarization of aluminum 
(, vs. E). Curve A was obtained in 2.5M H.SO, and 
curve B in cerium sulfate in 2.5.W H.SO,. 


Analysis of Polarization Curves 


An analysis of the polarization curves was made 
in order to obtain the values of 7,, the ‘‘real’’ or 
total current density for the reduction of cerium** 
sulfate, and then the function f,(7.). In order to 
do this, the curves were interpreted in the follow- 
ing manner. For any given solution of cerium 
sulfate in H.SO,, the linear section of the external 
anodic polarization curve was extrapolated back 
to the potential axis. From this extrapolated 
curve, the total anodic current density, 7,., and the 
total cathodic current density, 7., which prevail 
from the open circuit potential Z° through the 
range of more cathodic potentials, were obtained. 
The externally applied anodic current density is 
given by /, and the following relation holds true: 
ig = 1. + Iq. These current components are desig- 
nated in the Fig. 4. 

The values of /., the externally applied cathodic 
current density, were added to the valuesof 7,, as 


2 Polarization due to the local action currents as op 
posed to externally applied currents is designated ‘‘self’’ 
polarization. See Garry anv Spooner, ‘“‘The Electrode 
Potential Behavior of Corroding Metals in Aqueous 
Solution,” p. 25, Oxford University Press (1938). 
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obtained above, in order to obtain the total 
cathodic current density 7,., which prevailed for 
any given potential # more anodic than the open 
circuit potential EZ’. For this potential region we 
have 7, = tq + I.. 

The values of 7. were then plotted versus the 
electrode potential in order to obtain the “real” 
polarization curve for the cathodic reduction of 
cerium* sulfate on aluminum. Typical curves ob- 
tained by the above procedure are shown in Fig. 
5, 6, and 7. In each case, the self-anodic polariza- 
tion curve of the aluminum is also shown. The 
curves in Fig. 5 and 6 show the effect of tempera- 
ture, while that in Fig. 7 shows the effect of vary- 
ing both the cerium* sulfate concentration and 
the temperature. The latter shows the interesting 
case where the entire cathodic polarization curve 
for the reduction of cerium** sulfate on the alu- 
minum is obtained by an external anodic polariza- 
tion of the aluminum. 


Weight Loss Measurements 


In order to confirm the above interpretation of 
the pclarization curves, a series of aluminum 
specimens were polarized in 2.5.7 H.SO,, and an- 
other series in cerium sulfate solution 2. Two or 
more specimens of each series were polarized at a 
predetermined constant potential for 3 hours and 
the externally applied current density and the 
weight loss determined. In each series, various po- 
tentials ranging from +1.5 volts to —1.0 volt were 
chosen. 

In addition, several experiments were performed 
in each of which a single specimen was polarized 
at several predetermined constant potentials, cov- 
ering the same range as above, for 3 hours at each 
potential. The current density and weight loss 
were determined at each potential. 

The results were interpreted as follows: for any 
given electrode potential the external current 
density gives J, or J,, depending upon whether 
the specimen was cathodically or anodically 
polarized; the weight loss corresponds to 7, and 
the total cathodic current density, 7., is given by 
ie = ta + I, where the plus sign is for external 
cathodic polarization and the negative sign for the 
external anodic polarization. 

From the values of 7. so obtained, the “real’’ 
cathodic polarization curve for the reduction of 
cerium* sulfate was constructed. A representative 
curve obtained by the second method is shown by 
the open circles in Fig. 5. It will be seen that the 
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general form of the curve confirms the results ob- 
tained by the regular polarizing technique. 
The Cathodic Polarization Function 


An analysis of many “real” cathodic polariza- 
tion curves for the reduction of cerium** sulfate 
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Fic. 5. The ‘“‘real”’ polarization curve for the redue 
tion of cerium*! on aluminum and the self-anodie polar 
ization of aluminum in solution 2 at 25.0°C. O—the 
values of “7.”? and ‘7.”’ were obtained from weight loss 
measurements as explained in the text; @—the values 
were obtained from regular external polarization curves 
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hic. 6. The “real” polarization curve (i. vs. E) for 
the reduction of cerium*! on aluminum in solution 2 at 
50.0°C 


on aluminum showed that the following relation 
approximates the curve fairly well: 

E = blog ((@.a — 7t.-|/i. — Ey 
where EF is the electrode potential, (¢,)a is the 
limiting current density, 7, the current density, b 
is a constant, and Op is a constant equal to the 
value of the potential when 7, = (7,.)a/2. 
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The equation is compatible with the fact that 
no evidence of the oxidation of cerium** sulfate 
on the aluminum could be obtained. The values 
of EF versus the log |(¢.)u4 — 7.|/7- were plotted 
for all the data. A typical curve is shown in Fig. 8, 
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Fic. 8. The ‘‘real”’ polarization curve for the redue 
tion of cerium*! on aluminum in solution 2 at 25.0°C. 
X—designates open circuit values. 


where the point designated as X is the open circuit 
value. Generally, although the slope of these 
curves, b in the equation, was constant forany one 
polarization, it did vary at times from one polar- 
ization to another. The extreme variations were 
from 0.12 to 0.30 while most of the values found 
were between 0.15 and 0.20. Some of these values 
as well as /: are given in Table III. 

The results obtained in solution 7 which is only 


0.5.M in H.SO, were generally similar to those ob- 
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tained in the stronger acid solutions except for a 
few cases. In some experiments, the aluminum 
became very passive during anodic polarization. 
When the anodic current density reached the 
neighborhood of 0.4 ma/cm?, the potential became 
very positive (>+1.5 v) and the current density 
was decreased to a few ma/cm?*. If the external 
circuit was broken, the open circuit potential was 
about —0.4 volt. If the electrode was cathodically 
polarized while in this state, the usual cerium** 
wave Was not obtained; the potential rose to that 
for hydrogen evolution and a hydrogen curve was 
obtained. 


TABLE ILL. The 


lemperalure on “79 


effect of solution composition and 
and “ae 


So'ution Temp b Fy 
( 
] 25.0 0.30 —0.15 v 
2 25.0 0.18 -—().25 v 
2 50.0 0.16 -().23 v 
3 25.0 0.18 -0.24 v 
t 25.0 0.15 -Q).20 v 
6 50.0 0.14 —(Q).24 v 
7 25.0 0.16 —0.30 v 
Ss 25.0 0.23 -0.15 v 


The elect rode would recover to normal behavior 
if it was immersed in 12.0N HCI for a few seconds. 


Surface Appearance 


The following observations were made on the 
appearance of the aluminum surface after ex- 
posure to the various solutions. Exposure in any 
of the solutions at 25.0°C at the open circuit po- 
tential or more anodic potentials produced a 
mildly etched surface. On highly polished speci- 
mens, interference tints were observed in the more 
concentrated solutions of cerium sulfate on open 
circuit, while at 50.0°C interference tints were ob- 
served in all cerium solutions. Whenever the alu- 
minum was anodically polarized, thus, exposed in 
the solutions at more cathodic potentials than the 
open circuit one, interference tints could be ob- 
served if the removed from the 
solution soon after the polarization. The inter- 


electrode was 
ference tints became more pronounced the more 
cathodic the potential, and the lower the acid 
strength. The tendency for interference tints to 
form and the order of tinting seemed to be inde- 
pendent of the salts but 
strongly dependent on acid strength, temperature, 


presence of cerium 
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and potential. The tints would disappear if the 
electrode stood on open circuit in the more dilute 
cerium sulfate solution or sulfuric acid, or was 
cathodically polarized after their formation. 

In some cases, it was noted that a thin, loosely 
adhering white film formed at the edges, that is. 
very close to the lacquered edges. This readily 
wiped off, revealing the same tinted surface under- 
neath as on the rest of the surface. 


DISCUSSION 


Generally, the rate of dissolution, the electrode 
potential, and the polarization characteristics of 
pure aluminum in solutions of cerium sulfate and 
sulfuric acid are reproducible within relatively 
narrow limits. The results reported here are only 
a representation of a great many experiments. In 
some cases, the electrodes were studied over the 
course of days and it was found that the open cir- 
cuit potential for any given specimen was constant 
to within a few centivolts and that repeated po- 
larization curves from E° through the region of 
more anodic potentials were approximately super- 
posable. There is a tendency, however, for the 
anodic branch of the curve to decrease in slope. 
Even when this change in the anodic branch takes 
place, the calculated “real” reduction curve or the 
cathodic polarization function remains about the 
same. 

The above is particularly true in the more 
concentrated sulfate solutions where 
iy K (ia; When this latter condition holds, it 
is not necessary to construct the ‘real’? curve in 


cerium 


order to obtain the cathodic polarization curve for 
the reduction of cerium sulfate since, in this case, 
i. = 1,. The curve shown in Fig. 3 is one of this 
type. 

We have not, as yet, been able to explain why 
the linear section of the anodic curve in cerium 
sulfate solutions has a tendency to lie above the 
the curve obtained in sulfurie acid. 

Unlike the cathodic curves, the slope of the 
anodic polarization curve is dependent on the par- 
ticular specimen, surface preparation, and time of 
exposure in the solutions. Any one specimen, how- 
ever, will give an approximately identical curve 
in sulfurie acid as the linear section of the curve in 
cerium sulfate. 

The experimental results indicate in a qualita- 
tive manner, if not quantitatively, that the reac- 
tion of pure aluminum with cerium* sulfate may 
be interpreted by the theory of the “mixed poten- 
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tial.’’ Thus, we are dealing with two separate reac- 
tions, the cathodic and the anodic, which are both 
governed by the electrode potential. 

The thermodynamically reversible electrode po- 
tential of aluminum in acid solutions is about — 1.9 
volts (15) and, experimentally, has been found to 
lie close to this value for an amalgamated electrode 
(16). Mears and Brown (17) have found a differ- 
ence of 3.0 volts in the electrode potential of alu- 
minum with an oxide coating and with the film 
removed by continuous abrasion. In our own work, 
it was found that abrading the surface caused the 
potential to rise to more anodic values. 

The anodic reaction in sulfuric acid and cerium 
sulfate, therefore, shows a large polarization effect. 
The polarization decreases with an increase in acid 
strength and an increase in temperature. It is, also, 
practically independent of the cerium sulfate con- 
centration. Since there was no indication of the 
oxidation of cerium** sulfate, the anodic reaction 
is the dissolution of aluminum. These facts 
strongly indicate the formation of a film on the 
surface at all current densities and potentials 
studied. The formation of interference tints at vari- 
ous potentials and their variation with acid 
strength and temperature give visual evidence of 
the formation of a thin, compact and firmly adher- 
ing film on the aluminum surface. 

The oxidation-reduction potential of cerium 
sulfate isabout +1.2 volts on inert electrodes and, 
although the reduction of this system proceeds re- 
versibly on platinized platinum, there is an over- 
voltage on white platinum (9). As the experimen- 
tal results show there is a large overvoltage for the 
reduction of cerium*! sulfate on aluminum. 

It may be noted here that the cathodic po- 
larization curve for cerium*! on white platinum 
followed a course similar to that given by equation 
I for aluminum. The constant £;, however, was 
close to +1.2 volts, but the values of b were 
very close to those obtained on the aluminum. 

Equation | may be derived from the following 
expression when the theory of a diffusion current 
is taken into consideration (18). 

i.=hk{Ce(SO7)7 |e” 

Accordingly, the concentration or, more rigor- 
ously, the activity Ce(SO, ), at the electrode sur- 
face for any given cathodic current density 7, is 


given by 


l 
Ce(SO, ) (7.) d — 2, 
[Ce(SONe] pp | | 
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where “1” is the thickness of the diffusion layer, F 

is the Faraday, D is the diffusion coefficient for 

the ion, and (7,)a is the limiting current density. 
From this development it will be seen that 


E; = b log 44 +C 


where the constant C will include the reference 
electrode potential and liquid junction potential, 
both of which are assumed constant in this work. 

The data show a trend for E; to shift to more 
cathodic values with increase in acid strength and 
to be independent of temperature in the range of 
25.0°C to 50.0°C. The latter may be due to the 
fact that any increase in the reaction rate constant 
k: is offset by an opposite change in the ratio of 
LD. 

An examination of the two polarization func- 
tions for this system shows that the reactivity of 
the aluminum is under both anodic and cathodic 
control. 

An attempt was made to explain the form of the 
polarization functions by assuming the presence 
of a porous oxide film on the surface of the metal, 
where the surface of the film acts as a cathode 
and the bare metal at the base of the pores the 
anodes. The argument followed very closely to 
Muller’s theory (6), but no satisfactory progress 
was made. 

As previously stated, the data reported here are 
only a part of a general study on the electrochemi- 
cal behavior of aluminum and any detailed ex- 
planation of the mechanism involved will only be 
possible at the completion of the study. It may be 
desirable, however, to give an outline of an hy- 
pothesis which is being formulated as a result of 
this study. We, therefore, suggest the following 
tentative explanation for the electrode behavior of 
pure aluminum. 

The aluminum is covered with a thin, compact, 
and continuous film of an amorphous oxide. In the 
solutions used here, the thickness of this film lies 
between a few Angstréms to about 40 Angstréms, 
depending upon the values of E, ia, acid strength, 
and temperature. Aluminum ions can migrate 
and/or diffuse through the lattice of the oxide 
while the electrons can only pass through by means 
of the well-known quantum mechanical tunnel 
effect. An important feature of this concept is that 
there are no bare portions of the metallic alu- 
minum surface in intimate contact with the solu- 


tion. An electrical potential difference exists be- 
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tween the metal and the solution which maintains 
an electric field across the oxide film. This field 
reduces the height of the energy barrier for the 
outward flow of aluminum ions from the metal 
into the solution. At the same time, the potential 
difference and the film thickness govern the prob- 
ability of electron penetration through the film. 

In the steady state on open circuit, the potential 
difference and the film thickness will assume the 
values necessary for ig = 7- = t&. When the elec- 
trode is anodically polarized, the film becomes 
thicker and the potential more positive inwardly 
so that the probability of electron penetration de- 
creases, while when cathodically polarized, the 
reverse changes in potential and film thickness 
take place and the probability of electron penetra- 
tion increases. The changes in ionic migration, 7a, 
are in each case opposite to those for electron 
penetration. 

A more detailed and quantitative development 
of these ideas is planned for the future. 


Any discussion of this paper will appear in a Discus 
sion Section, to be published in the December, 1950 
issue of the JOURNAL. 


REFERENCES 
1. A. L. Ferauson anv H. Banpes, Trans. Electro- 
chem. Soc., 81, 273 (1942); A. L. Ferauson, ‘‘Elee 
trode Processes,’’ Discussions of the Faraday Soc. 
No. 1, Gurney and Jackson, London (1947). 


9 


16. 


us 


. G. FREDRICH 


ee 


ELECTROCHEMICAL BEHAVIOR OF ALUMINUM 19 


N. K. Apam, “‘The Physies and Chemistry of Sur 
faces,’’ p. 321, Oxford U. Press, London (1941). 


. Witt1AM H. Couner, Corrosion, 3, 11, Nov.-Dec. 


(1947). 


. T. P. Hoar, Trans. Electrochem. Soc., 76, 157 (1939). 


For bibliography on electrochemical theory of cor- 
Ratpu LANbAv, Electrochem. 
Soc., 81, 559 (1942). 


rosiohn see Trans. 


. WoLr JOHANNES MULLER, Trans. Electrochem. Soc., 


76, 167 (1939). 

U. R. Evans, “Metallic Corrosion, Passivity and 
Protection,’ p. XXXIII, Longmans, Green and 
Company, New York (1946). 

Smiru AND G. A. 

Chem. Anal. Ed., 30, 191 (1938). 


Getz, Ind. Eng. 


. To be published. 


F. Serrz, ‘“The Modern Theory of Solids,’”? MeGraw 
Hill Publishing Co., Ine., New York (1943). 


I. M. Kournorr anp C. 8S. Miuuer, J. Am. Chem. 
Soc., 62, 2171 (1940). 
J. A. V. But.Ler, W. E. Huau, ann D. H. Hey, 


Trans. Faraday Soc., 22, 24 (1926). 


. C. WAGNER AND W. Traup, Z. Elektrochem., 44, 391 


(1938). 
PETROCELLI AND ARTHUR 
Electrochem. Soc., 85, 257 (1944). 


Puiuuips, 7'rans. 


. W. M. Latimer, “Oxidation Potentials,’ Prentice 


Hall, Ine., New York (1935). 
Louis KAHLENBERG AND 38. J. 
Electrochem. Soc., 52, 360 (1927). 
R. B. Mears ANp R.H. Brown, Ind. Eng. Chem., $8, 
1006 (1941). 
J.N. AGAR AND F. P. BowpveEn, Proc. Roy. Soc. Lon- 
don, 169A, 206 (1938). 


FRENCH, Trans. 








co 
: of 
Polarographic Investigation of Mercaptobenzothiazole' an 
for 
G. SARTORI AND A. LIBERTI 
Istituto Chimico dell’ Universita di Roma, Italy 
ABSTRACT me 
The cathodie and anodic behavior of mercaptobenzothiazole at the dropping mercury an 
electrode has been investigated. It has been found that the anodic electrode reaction tio 
does not correspond to an oxidation to the disulfide, but to the formation of the mer- 
curous compound Hg (mereap.). Only one electron is involved in the process and the pH 
diffusion coefficient has been found to be 6.3 K 10°* em?/sec. at 
(n equation has been derived to interpret the experimental results: from the de- irre 
pendence of the half-wave potential on the pH, it has been possible to calculate the pre 
dissociation constant of mereaptobenzothiazole. This value is in agreement with the not 
one obtained potentiometrically. & 
The catalytic nature of the eathodie waves has been demonstrated. The height of ae 
this wave, i.e., the current due to the catalytic evolution of hydrogen, is proportional In 
to the hydrogen ion concentration of the buffer, and it depends on the concentration : 
of the catalyst through a relationship given by the Langmuir isotherm. TAI 
Mereaptobenzothiazole is a chemical which is hydroxide and precipitated with hydrochloric acid. 
commercially important as a vulcanizing agent. This treatment was repeated many times. The 
Recent studies showed a promising use of this purified product was crystallized from acetic acid 
compound as an analytical reagent and as an inter- and recrystallized from ethanol (mp 176-178°C). 
mediate product in the preparation of biologically The purity of the product was checked by titra- 
active compounds. tion with silver nitrate following the Volhard 
In order to evaluate the possibilities of mer- method as described by Ushakow and Galanow 
captobenzothiazole in amperometric titrations, an (2), and amperometrically by means of a rotating 
investigation of this compound at the dropping platinum electrode, according to the method of 
mereury electrode has been carried out. Kolthoff and Harris (3). 
The sulfydryl-containing systems have been H (mereap.) solution (0.02.17) in ethanol is sta- 
studied polarographically by Kolthoff and Barnum ble for a long time. A stock solution (2 * 10-77) 
in connection with an investigation on cysteine, in alcohol was used in the preparation of varying 
and by R. Brdiéka in relation to the catalytic concentrations. Because this substance is almost 
waves. No complete investigations on the current insoluble in acid medium, aqueous alcoholic solu- 
voltage curves of mercaptan derivatives at the tions were prepared for the measurements. The A 
dropping mercury electrode have been reported in ethanol content was about 25 per cent in volume. agail 
the literature. For buffer solutions, the universal buffers of 0.05: 
(. Proske (1), in a study on vulcanization ac- Britton and Robinson, unless differently specified, at hi 
celerators, reported that mercaptobenzothiazole were used in the pH range 1.6-10.0. the « 
might be determined by means of the polarograph. he a pH \ 
He describes reduction waves, which we have not Apperies ant Comte tion | 
been able to obtain, and attributes the reduction Both the manual apparatus similar to that de- For | 
of mereaptobenzothiazole and related compounds scribed by Kolthoff and Lingane (4) and an auto- give. 
to the presence of a double bonded nitrogen. matic Leybold polarograph were used in this work. and 
The saturated calomel electrode (8.C.E.) was the volta 
EXPERIMENTAL reference electrode for all potentials reported in of H 
Materials Used this paper. All experiments were carried out in a Th 
Technical mereaptobenzothiazole [hereafter ab- thermostat at 25° + 0.1°. Under the experimental aroul 
breviated H (mereap.)| was dissolved in sodium conditions, the capillary has a drop time of 3.4 tion | 
\ Matieseins encciend Maw 99, 1000; Thle gaeer pn seconds at zero applied emf. The product mit is res 
pared for delivery before the Chicago Meeting, October was 1.965. The current-voltage curves shown in Fig 
12 to 15, 1949 the figures have been plotted without making any curre} 
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correction for the residual current, but all values 
of the current given in the tables and used in 
analyzing the waves have been properly corrected 
for the residual current. 


In a 
LESULTS 


Anodic reaction of H (mercap.) at the dropping 
mercury electrode-—Mercaptobenzothiazole yields 
an anodic wave in buffered and unbuffered solu- 
tions in the pH range 1 to 13. In acid solutions of a 
pH lower than 5, another anodic wave is observed 
at a more positive potential. This wave is very 
irregular and has a maximum which is not sup- 
pressed by any suppressing agent. This wave does 
not yield reproducible diffusion currents. 

Some of the experimental data are summarized 


in Table I. 


TABLE I. Wave 
5 X 10°*M solution of H (mercap.) at varying 
PH at 25°* 0.1 


heights and half-wave potentials in 


pH T Wave height 
volts pwamp 
1.15 +0 .066 1.45 
2.86 —0.015 1.45 
3.386 —0.075 1.45 
4.44 —0.100 1.45 
+. 94 —0.125 1.50 
5.57 —0.165 1.50 
6.39 —().205 1.45 
6.88 —0.231 1.55 
7.38 —0.255 1.50 
7.65 —0).255 1.45 
9.38 —().255 1.45 
10.0 —().255 1.50 
13.0 —0).255 1.45 


A plot of the half-wave potentials from Table | 
against pH yields a straight line with a slope of 
0.055 volts per pH unit up to pH 7, and is constant 
at higher pH values (Fig. 1). Table I shows that 
the diffusion current is fairly constant at varying 
pH values. It is a linear function of the concentra- 
tion up to 5.0-7.5 KX 10-*M H (mereap.) solutions. 
For higher concentrations, the wave levels off to 
give a constant current which depends on the pH 
and the nature of the buffer solution. Current 
voltage curves.obtained at varying concentrations 
of H (mercap.) are presented in Fig. 2. 

The formation of a film of mercurous mercaptide 
around the drop which prevents further interac- 
tion between mercury and H (merecap.) probably 
is responsible for this effect. 

Fig. 3 shows the dependence of this limiting 
current on the pH of the buffer solution. 
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In order to have information on the nature of 
the anodic process, the number of electrons in- 
volved in the electrode reaction may be calculated 
by means of the Ilkovié equation. Since the diffu- 
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Fig. 1. Change of the half-wave potential vs. pH of 
the supporting electrolyte. 
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Fig. 2. Anodie waves of H (mereap.) in borate buffer 
(pH = 10) at various concentrations. (1) supporting 
electrolyte; (2) 10-*M; (3) 2.5 K 10°-'M; (4) 4.75 K 10°°M; 
(5) 7.5 X 10°-4M; (6) 10°3M; (7) 1.5 K 103M. 
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Fic. 3. Limiting current as a function of concentra 
tion at (a) pH = 1; (b) pH = 6.0; (c) pH = 10. 


sion coefficient of H (mercap.) is not known, we 
have assumed, as a first approximation, that H 
(mercap.) diffuses at the same rate as benzoic acid, 
and its diffusion coefficient is used in the calcula- 





29 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


tion. The anodic reaction of H (mercap.) involves 
one electron per molecule (n = 1). From the 
Ikovié equation Jy = 605 nm't!DC the diffu- 
sion coefficient of Hl (merecap.) was calculated and 
found to be 6.3 & 10-° em?/see in 0.1.M acetate 
buffer at pIT 4.9. 


DISCUSSION 


Jurron, Flexner, and Michaelis (5) reported 
that the mercury electrode is not an indifferent 
electrode to systems containing -SH groups. The 
anodic waves of cysteine obtained by Kolthoff and 
Barnum (6) do not correspond to a reversible 
oxidation to cystine but to the formation of a 
mereury compound. The analogy of this system 
with that of the cysteine permits us to formulate 
identical hypotheses; but since it has been caleu- 
lated that only one electron is involved in the 
electrode reaction, we may, therefore, take into 
consideration only the formation of the mercurous 
compound. 

This compound differs, however, from the mer- 
curous cysteinate described by Kolthoff and Bar- 
num because of its slight solubility. The film of 
Hg (mereap.) around the drop, which prevents a 
regular diffusion current, occurs in the entire range 
of pH and is only slightly affected either by acid 
or alkaline medium. Another proof of the slight 
solubility of the Hg (merecap.) is given by the fol- 
lowing experiment: A solution 5 K 10“M/ of H 
(mereap.) in O.1LM HClO, was electrolyzed in the 
absence of oxygen at a large quiet mercury elec- 
trode for twelve hours at a potential of +0.1 volt 
(potential corresponding to the diffusion current). 
After the electrolysis, a white precipitate was ob- 
served. The solution was filtered out and a stream 
of H.S was bubbled through it; only a brownish 
turbidity was observed. This fact shows that only 
traces of soluble mercury were in the solution. 

The reaction at the mercury drop leads, there- 
fore, to the formation of mercurous mereap. and 
can be represented by the following expression: 
He + HH (merecap.) 

= Hg (mereap.) + H*+ +e (1) 

The reaction (1) can be expressed through the 

partial reactions 
Hg = Hg* + « 
H (mereap.) = (mereap.)~ + H* 
Hg* + (mereap.)~ = Hg (mereap.) 

When a mercury electrode is in equilibrium 
with the surrounding liquid, its potential is given 


by the expression 


x = m + RT In Hg" (11) 
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In the presence of H (mereap.) which depo- 
larizes the dropping anode with the formation of a 
slightly soluble mercurous compound, reaction 
(11) becomes 


r= + RT In bs 
(mercap.) 

where L is the solubility product of Hg (mereap.). 
The analytical concentration of mercaptobenzo- 
thiazole is given by the expression 

( = H (mercap.) + (mercap.) (111) 
and taking into account A, ionization constant of 
Hl (mercap.) 


(mereap.) = K Pees (IV) 
By introducing (IV) in (IIT) 


RT L . ' , 
r=m+ F In cK \K + [H |) (V) 


which may be written 


RT. LRT. 4 
Tr = + F In K + F In "a 
+> In (K + [H*)) (VD 


and combining all the constants in z, and intro- 
ducing the diffusion conditions the following ex- 
pression is obtained: 


’ RT l 
= 0 ’ l . ° 
ee eae 
tT , : 
+ P In (K + [H°*]) (VII) 
At the half-wave potential where i = 7,/2 
’ RT l 
® = Fo + P In Z 5) 
+ ol In (K + [H*)]) (VIII) 


This equation points out that 


Om} RT | 
= and 


o| H+] F (kK + |H*] 


a 
apH F (kK + [H*)) 
therefore, when 
- Om RT 
ing SS. 1a = —0,06 
{H"] K apH 3 Fr 0.06 
4 ™ On! 
’ 2 la 0 
[fH |)<«<kK an * 
F Om: 
"Jak * = —0.0: 
[H"] = K apll 3 





T 
(VI 
solu 
pH 
at p 
at p 

FR 
wav 
la. f 
7.5 
pote 
For 
at | 
(calc 


It 
ferec 


pH 3 








UMI 


Vol. 97, No. 1 


The plot of the half-wave potential against pH 
shows that the conditions of the above equations 
are fulfilled. From Fig. 1, the abscissa at the in- 
flection point is caleulated and pk = 7.2, i.e., the 
ionization constant of H (mereap.) K = 6.3 X 
10° is obtained. To check this value, we have de- 
termined the ionization constant by potentio- 
metric titration. For this purpose a 0.01M H 
(mercap.) solution in 50 per cent ethanol was 
titrated with 0.021N NaOH using a glass electrode 
and an electronic galvanometer. A pk = 7.5, 
i.e., an ionization constant K = 3.1 X 107° was 
measured. Owing to the different ethanol content 
of the two solutions, this value is in fairly good 
agreement with the one determined by means of 
the polarograph. 


TABLE II. Wave height of 56 K 10°1M solution of 


H (mercap.) at varying pH in 25 per cent 
ethanol at 25°. 


pH Limiting current in wamp 
2.4 79.5 
2.62 26.4 
2.85 16.3 
3.1 10.2 
3.65 7.2 
4.08 1.8 
1.5 3.4 
5.06 ej 
6.0 1.4 
7.0 1.1 


The analysis of the wave fits in with equation 
(VIL). A plot of log (¢2 — 7) versus potential for 
solutions 4.75 & 10-4 in H (mereap.) at varying 
pH gave a straight line with the following slopes: 
at pH = 10, 0.066 volt; at pH = 6.0, —0.075 volt; 
at pH = 4.6, 0.070 volt. 

From equation (VIII) it is seen that the half- 
wave potential is not constant, but varies with 
ig. At H (mereap.), concentrations smaller than 
7.5 X 10°M, we actually found the half-wave 
potential to change according to this expression. 
For example we found in a solution of pH = 10 
at H (mereap.) = 2.5 X 10%, m = —0.225 
(caled. —0.216); at H (mereap.) = 5.0 &K 10°, 
mr} = —0.235 (caled. —0.234) at H (mereap.) = 
7.5 & 10-* ms = —0.245 (ealed. = —0.244). 


CatTuopic BEHAVIOR 


It has been observed that H (mereap.) in buf- 
fered solutions yields polarographic waves in the 
pH range 2.5 to 7. A maximum is present which 
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is not suppressed by any addition agent. At pH 
lower than 2.5, the limiting current coincides with 
that due to the discharge of the hydrogen ion and 
no reliable measurements can be performed. At 
pH higher than 7, no wave is observed. 

The experimental results are presented in Table 
I]. 

A plot of this limiting current against pI is 
given in Fig. 4. The height of the wave depends 
upon the concentration of the H (mercap.). The 
changes of the wave height with concentration of 
H (mercap.) at pH = 3.1 are reported in Table 
I1I. These figures are compared with the values 
calculated with the aid of a formula which will be 
described later. 
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Fie. 4. Limiting cathodic currents of H (mereap.) 
(2.5 X 10°4M) at pH = 3.1. 


DISCUSSION 

It has been pointed out by Brdiéka (7) that 
compounds, such as proteins, polypeptides, and 
amino acids containing the sulfhydryl group in 
certain buffer solutions, yield catalytic waves due 
to the lowering of hydrogen overvoltage. 

It is evident also that the cathodic waves ob- 
tained in neutral and acid buffer solutions of H 
(mercap.) have to be regarded as due to a catalytic 
effect. 

The height of this wave is much greater than 
would correspond to the number of electrons in- 
volved in any electroreduction process of H 
(mereap.). The H (mercap.) is, however, responsi- 
ble for catalyzing the evolution of hydrogen. 

By considering the Heyrovsky theory of hydro- 
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gen overvoltage, we may explain, according to 
srdiéka, the mechanism of the catalyzed proc- 
ess with the following reactions: 

Il (mereap.) + e + H (mercap.)~ + He 

(mereap.)~ + H* I] (merecap.) 

With this assumption the rate of reaction, L.e., 
the current intensity, is a function of the H 
(mercap.) concentration adsorbed on the cathode 
surface and of the proton concentration of the 
solution. This was found actually to be true: as 
far as the dependence on the pll is concerned, 
Fig. 4 shows a behavior very similar to the one 
found by Knobloch (8) for the catalytic wave of 
the amide of nicotinic acid. Since the catalytic 
waves of H (mereap.) are observed only in acid 
medium, we have to admit that the catalytic 
effect is due to the undissociated form of H 
(mercap.). However, we have been unable to 
find any relationship between the slope of the 
curve and the ionization constant of the proton 
donor. 

The dependence of the catalyzed wave on the 
concentration of the catalyst follows the Lang- 
muir adsorption isotherm in the Hiickel formula- 


tion: 
ZWC 


I + we 


In this expression, a is the amount in moles of 
the substance adsorbed on the electrode surface, 
2 is the maximum number of moles adsorbable on 
the electrode surface,@ is the adsorption coeffi- 
cient, and ¢ the analytical concentration of the 
adsorbable substance in moles per liter. According 
to our assumption, the adsorbable molecules are 
those of Hl (mereap.) and the height of the cata- 
lyzed wave, i.e., the current due to the catalytic 
evolution of hydrogen, is proportional to the 
amount of H (mereap.) adsorbed at the surface 
of the mercury. We substitute for a the observed 
values of the current in microamperes. We are 
able to caleulate from any two different concen- 
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trations of Hl (mereap.) the two unknown con- 
stants of the above isotherm, viz. # and 2. 

Thus we obtainedw = 544 and z = 46.8. From 
these constants we have calculated the height of 
the catalyzed waves for any concentration of the 
H (merecap.) given in Table III. These calculated 
values are in fairly good agreement with the ex- 
perimental values in the range of concentration 
investigated. 


TABLE III 


Cencentration i (measured i (calculated 
1.16 K 10 1.56 1.05 
9.95 & 10 2.46 2.40 
1.98 & 10 1.71 4.59 
3.92 XK 10 S.85 8.22 
7.84 X 10 15.0 14.1 
1.78 X 10 22.5 23.0 
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Effect of Thermal History on Color of Zine Bervllium 


Silicate (Mn) Phosphors' 


SHANNON JONES 


Chemical Products Works, General Electric Company, Cleveland, Ohio 


ABSTRACT 


The fluorescent colors at room temperature of various completely-reacted manganese 
activated zine beryllium silicate phosphors can be changed by reheating them to tem 
peratures lower than the original firing temperature with subsequent cooling at a rate 
in effect similar to the original cooling rate. A radical change in the cooling rate, as by 
quenching in water, also produces color shifts apart from the change due to reheating 
alone. 

When a zine beryllium silicate (Mn) phosphor is reheated at various temperatures 
from 700°C to 1200°C with subsequent normal cooling, shifts to the green occur in all 
cases with a maximum shift at 950°C. With increased time of refiring, especially at the 
higher temperatures, the colors shift back toward the original phosphor color. 

With reheating and subsequent water quenching, the color shift to the green increases 
almost linearly with temperature over the range 800°C to 1200°C and extrapolates to 
zero color shift at 700°C. The magnitude of the color shift is greater with quenching 
than with normal cooling. 

The data require two equilibrium approach rates for interpretation. The first or rapid 
change involves the equilibrium of manganese between its red-emitting and green 
emitting states, with the green-emitting structure predominating at high temperatures. 
The second or slow change involves the migration of beryllium between substitutional 
positions either for silicon or zine in the crystal. The equilibrium favors the beryllium 
for-zine substitution more for higher temperatures. 

The beryllium position in turn modifies the manganese-state distribution, and this 
third equilibrium between the primary equilibria accounts for the time dependence of 
the color shifts. 

INTRODUCTION lium silicate (Mn) phosphors. The four phosphors 
The relations of compositions and firing tem- are described qualitatively as yellow, yellow-pink, 
pink, and strong pink. Their approximate com- 
positions are shown in Table I. 


peratures to the fluorescent colors of manganese- 
activated zine beryllium silicate phosphors are - - 
well known to workers in this field (1, 2, 3, 4, 5). The color shifts produced by 


that the 


reheating and 


4 ‘ nehine 1 ‘ vy Ave vay term) » ’ 
However, it has been found thermal quenching in water have been determined only 
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history of this phosphor subsequent to the com- 
pletion of the firing also has an effect on the 
fluorescent color obtained. The influence of the 
thermal history is shown by the color changes 
produced when the phosphor is reheated to various 
temperatures for various times. Following the 
reheating, the color shift depends in a complex 
manner on whether the phosphor is quenched in 
water or is allowed to cool in air. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The color shifts produced by reheating were 
determined for four different types of zine beryl- 


‘ Manuscript received April 21, 1949. This paper pre 


for the yellow-pink phosphor; the shifts produced 
by reheating and air-cooling are given for all four 
phosphors. 

The data given in Tables II-VI show the per- 
centage increase in the green-to-red intensity 
ratio under 2537 A radiation. 

For example, in Table II, for 5 minutes at 
1210°C, the value 28.8 shows that the green-to-red 
ratio (GR) of this phosphor was 128.8 when the 
G/R of the original phosphor was arbitrarily 
taken as 100. The green and red intensities were 
measured separately by using suitably filtered 
barrier-layer photocells and the ratios were com- 


puted from the measurements. 


pared for delivery before the Cleveland Meeting, April 19 The reheating procedure was as follows: for 
to 22, 1950 each determination, about five grams of the 
25 
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phosphor were put into a quartz boat, plunged 
into a furnace at a temperature and for a time 
indicated in the tables, then brought out quickly, 
and either quenched in water or allowed to cool 


in air on the boat. 
DISCUSSION 


It is known that the various colors of zine 
beryllium silicate phosphors are the result of the 
superposition of at least two distinct spectral 
bands which may change in relative intensity, 
breadth, and possibly position as the composi- 
tions and temperatures of the phosphors vary 
(1, 6). 

Schulman has pointed out that beryllium may 
substitute for either silicon or zine, or both, in 


TABLE I. Phosphor compositions in moles 


! 
VYellow- - Strong 
| Yellow pink Pink pink 
SiO. 1.0 1.0 1.0 1.0 
ZnO 1.59 1.71 1.59 1.54 
BeO 0.08 0.29 0.32 0.34 
MnO 0.080 0.105 0.145 0.145 


zine beryllium silicate, i.e., in the terminology of 
the chemist, beryllium oxide is amphoteric and 
behaves either as a basic or acidic group depend- 
ing on the remainder of the composition (4). 

In this discussion we shall take for granted this 
amphoteric nature of beryllium. We shall also 
assume that the green band is associated with 
manganese atoms substituting for zine in the zine 
silicate or zine beryllium silicate lattice. On the 
other hand, in view of the diverse theories concern- 
ing the source of the red emission we shall make 
no assumptions as to the source of this band ex- 
cept that it is associated with manganese in a 
different environment from that responsible for 
the green band (4, 7, 9). 

Now let us examine the data in Table II. We see 
that we obtain a greener phosphor when we 
quench from higher temperatures. If we plot the 
color changes in the 15 minute column against 
temperature, we find a fairly linear curve which 
extrapolates to zero change at about 700°C. It 
would seem to be justifiable to assume that by 
quenching we freeze in place manganese states 
which are predominantly green-emitting. 

In Table Il we also note that the influence of 
time is greater at higher temperatures. In view of 
the short times used, it might be thought that this 
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is evidence of failure of the material to reach a 
temperature equilibrium. However, considera- 
tions of the effectiveness of radiative heat transfer 
at the various temperatures suggest that the effect 
is real. 

From the color shift with time at high tempera- 
ture refiring followed by quenching, it appears 
TABLE II. Per cent increase in G/R on reheating and 

water-quenching the yellow-pink phosphor 


Temp 5 min 15 min 
°C; 

1210 35.0 

1100 28.8 31.5 

1000 24.5 25.2 
900 18.0 18.1 
800 9.6 


TABLE III. Per cent increase in G/R on reheating and 
air-cooling the yellow-pink phosphor 


Time in minutes 


Temp 
5 15 30 45 135 405 960 
°C 
1200 4.9 4.8 2.6 
1100 8.8 8.2 7.6 6.3 
1000 11.5 | 11.2 9.8 
900 10.8 10.8 10.0 | 10.8 
800 7.3 6.9 
750 4.0 5.1 
700 1.7 


TABLE IV. Per cent increase in G/R on reheating and 
air-cooling the yellow phosphor 


Time in minutes 


Temp 
15 45 135 
°C 
1100 8.0 
1000 14.4 10.3 
900 13.9 11.2 
800 9.4 8.4 


plausible not only that the red-emitting state is 
unstable at high temperatures, but that at any 
temperature, an equilibrium between the red- 
emitting and green-emitting states exists. Most 
of the temperature-induced change of state re- 
quires a time of at least a few seconds, otherwise 
we could not freeze the state by water quenching. 


Furthermore, some change of state continues to 
take place for from five to fifteen minutes at 
higher temperatures. 

Now when we examine the data in Tables ITT, 
IV, V, and VI, we find that the effects of refiring 
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followed by air cooling are qualitatively different 
from the effects produced by quenching. We note 
in Table II] that a maximum in the shift to the 
green occurs at about 950°C. Furthermore, the 
green shift, especially at the higher temperatures, 
decreases with time. 

This phosphor in its original preparation had 
cooled rather slowly from 1250°C to room tem- 
perature as a result of the large mass of material. 
We would estimate that the phosphor had spent 
at least five minutes in the 950° to 1050°C range. 
Thus it is surprising to find that reheating at 
1000°C (or 900° or 1100°C) with subsequent air- 
cooling results in a considerably greener phosphor. 
The first thought is that as a result of the small 


TABLE V. Per cent increase in G/R on reheating and 
air-cooling the pink phosphor 


Time in minutes 


Temp 
15 45 135 
“¢ 
1100 5.4 
1000 8.6 6.2 
900 8.5 ee 
800 7.5 5.2 


amount of material refired, we have a slight 
quenching effect. However, the results on reheat- 
ing at 1210°C, with subsequent water 
quenching gives a greener phosphor, show that 
this is not the case. In fact, extrapolation of the 
data of Table III to 1250°C shows that reheating 
to 1250°C with this faster air-cooling does not 
appreciably change the color; in other words, 
our experimental air-cooling does not affect the 
phosphor much differently from the normal cool- 
ing of rather large batches. 


which 


In the case of water-quenching, we would esti- 
mate that the phosphor cools to room tempera- 
ture in a few seconds, while with air-cooling, the 
phosphor reaches room temperature in a few 
minutes. Thus we would say that the cooling rates 
are in a ratio of about 100 to 1. The quenching 
effects show that the assumed red-green state 
equilibrium is not essentially complete in a second 
otherwise we could not freeze the green 
state so readily. On the other hand, the reversal 


or 80, 


of the shift to the green with air-cooling and in- 
creasing refiring times shows that a second re- 
arrangement, much slower than the first man- 
ganese-state equilibrium rate, must be introduced 
to account for the data. It is also apparent that 
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this slow rearrangement opposes the effects of the 
faster manganese-state equilibrium. 

Let us assume that the slow rearrangement is 
a migration of beryllium atoms between zinc-sub- 
stitutional and _ silicon-substitutional positions. 
Furthermore, let us assume that the beryllium- 
for-zine substitution is favored at higher tem- 
peratures, and that this substitution forces man- 
ganese out of its green-emitting state (zine 
substitutional position) into a position where it is 
in a red-emitting state. By this scheme, we can 
account for the decrease in G/R with increased 
time at a given temperature followed by air cool- 
ing. 


TABLE VI. Per cent increase in G/R on reheating and 


air-cooling the strong pink phosphor 


Time in minutes 


Temp 
15 45 135 
°C 
1100 26.4 
1000 26.9 7 9 
900 28.7 27.0 
800 27.4 28.4 


Now if we assume that air-cooling rate is 
such that the fast equilibrium can follow the 
temperature change on air-cooling but that the 
slow (beryllium migration) equilibrium lags, then 
the shift to the red on cooling is increased by the 
failure of the beryllium to migrate rapidly from 
the zinc-substitutional (red-producing) to the 
silicon-substitutional position. Since these equi- 
librium rates are dependent on temperature, we 
can account for the maximum shift to the green 
at 950°C by assuming suitable values for the 
various rates at various temperatures. This hy- 
pothesis can account for the influence of tempera- 
ture, time at a given temperature, and the subse- 
quent cooling rate on the 
obtained. 


fluorescent colors 

These equilibrium rates should also depend on 
the composition of the phosphor. This is indicated 
in Table VI, where the strong pink phosphor, 
which had a high manganese content, showed a 
large color shift on reheating, but little tempera- 
ture or time dependence. 

X-ray diffraction patterns of ithe quenched 
yellow-pink phosphor showed a barely perceptible 
contraction of the lattice as compared with the 
original sample (8). This effect is anomalous in 
the sense that an increase of the beryllia content 
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in a formulation not saturated with beryllia pro- 
duces a redder phosphor while causing a contrac- 
tion of the lattice. Thus in spite of the fact that 
the color was greener due to the frozen high- 
temperature manganese state, the hypothesis 
that beryllia tends to substitute slowly for zine 
at high temperatures is supported. 

It seems plausible that some of the effects of 
higher temperature firings in increasing the red- 
ness of zine beryllium silicate phosphors have 
been due to the cooling from a higher tempera- 
ture, rather than exclusively to a more complete 
reaction. 

It would be of interest to prepare zine beryllium 
siliciate phosphors of identical color when fired 
similarly but having radically different composi- 
tions. This is possible since silica, beryllia, and 
manganese individually modify the fluorescent 
color of this phosphor, with an increase in the 
proportion of any one of the three increasing the 
redness within a range limited by the remainder 
of the composition. Studies of reheating effects 


on these phosphors should be elucidating. 
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Any discussion of this paper will appear in a Discus 
sion Section, to be published in the December 1950 


issue of the JOURNAL. 
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Ultraviolet Emitting Phosphor’ 


Rupouten NaGcy, R. W. Wo.LLENTIN, AND C. K. Lut 


Research De partme nt, We slinghouse Electric Corporation Bloomfie ld, New Jersey 


ABSTRACT 


A ecaleium zine phosphate phosphor activated with thallium has been developed for 
the generation of ultraviolet radiation and is especially rich in erythemal region. The 
peak of emission of this phosphor is dependent upon the ratio of the calcium to zine. 
A phosphor in which 8 per cent of calcium is replaced by zine in calcium phosphate has 
a peak emission at 3120 A, or very near that of maximum erythemal effectiveness. 

Forty-watt fluorescent lamps made with this new phosphor in ultraviolet trans 
mitting glass (9821) produced between 7.5 to 8.7 watts of ultraviolet radiations between 
2800 A and 3800 A with a peak emission at 3120 A. The weighted erythemal effective 
radiation from this lamp is from 1300 to 1750 milliwatts, or about two and one half times 
the effective erythemal radiation from calcium phosphate activated with thallium. 

When it is considered that these lamps operate from an ordinary fluorescent ballast 
and are more efficient than any other source in producing erythemal radiations, a new 
avenue of approach is open for bringing the benefits of sunlight into schools, offices, and 


factories. 


INTRODUCTION The effective erythema-producing radiations have 


, ‘ol lati their peak at 2967 A (Fig. 1, curve 1). 

In the — ge ba ope 1 ied This paper reports a new phosphor having its 
Ac vay » argelyv ( ayo § * t e ° - o ° ° 
has been limited irgely to direct app i ition peak emission at 3115 A and yielding more than 
with high intensities to produce erythema, vitamin twice the erythemal efficiency of calcium thallium 
and tanning. This wever, is not the way ; : : asia 
D, and tanning. This, however, is n . phosphate phosphor. It will enable irradiation 


aan. tn enim aviolet in nature. During , ee 
man is exposed to ultraviolet in natur aries with ultraviolet energy, duplicating closely the 


s YY sor] » tropics, he is submitter 7 , ‘ 
summer months or in the tropics, he is submitted caine tonal te eaten 


continuously to a varying degree of the sun’s 

short radiations. In the winter months very little, I.XPERIMENTAL 
if any ‘aviolet radiations are received fro = ; 
if any, ultraviolet radiations are received from After a number of preliminary experiments 


the sun. with different ultraviolet emitting phosphors, the 
There are a large number ol substances which most promising material for further experimenta- 
emit erythemal ultraviolet radiations when _ tion appeared to be a calcium phosphate. About 
cited by re os Vee short ultraviolet radia thirty-five different elements were substituted for 
tion, Unfortunately, there are only od few phos- a portion of the calcium cation. In this manner, 
phors that have the efficiency or stability to make several new phosphors were synthesized whose 


them useful in practical lamps. Clapp and Ginthet emission spectra were closer to the desired wave- 


(1) and Froelich (2) have reviewed various ultra- length of 2967 A. The most pronounced shift in 


a » » i ] 3 Ss ‘Ss ( { Se 3 Ss ° ° . ° 
violet emitting phosphors. Of these, the most the emission spectrum was obtained when zine 


° sc , Ss *s : . ’ vener: } : . . ° ‘ 
promising phosphors for the generation — of was used to replace a portion of the calcium in 


erythema-producing radiations are calcium. sili- calcium phosphate activated with thallium. 


cate activated by lead or thallium and calcium The preparation of the ultraviolet emitting 
art ‘ g 


phosphate activated by thallium alone. However, phosphor can best be accomplished by reacting 
the efficiency of these phosphors is not very high the salts in the dry state. Tricalcium phosphate, 
for erythema evoking radiations. The peak of 0.9 mole, zinc phosphate, 0.06 mole, and thallium 
phosphate, 0.022 mole, are ballmilled together 
and fired in silica trays in an electric furnace for 
1 hour at 1000°C. The thallium activator is very 
volatile at this temperature and only a small 


emission for calcium phosphate is at 3280 A, 
whereas that of calcium silicate is at about 3350 A. 
! Manuscript received May 23, 1949. This paper pre 


pared for delivery before the Philadelphia Meeting, 
May 4 to 7, 1949. fraction of the original amount added remains in 


a 
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the phosphor. Prolonged heating will slowly de- 
activate the phosphor by removing the thallium 
from the lattice. Since thallium is very toxic, it 
is necessary to use the same precautions as when 
dealing with other poisonous metallic vapors. 

Spectral energy distributions, were made with 
a Beckman spectrophotometer on small patches 
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X-ray diffraction studies indicated that a con- 
traction of the calcium orthophosphate lattice 
resulted with increasing mole per cent of zinc, as 
would be expected from the relative sizes of the 
two ions. 

Preliminary measurements of the erythemal 
output of the phosphor were made by the plaque 
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of the phosphor irradiated with a quartz Steri- 
lamp.” Fig. 2 shows the spectral energy distribu- 
tion of different calcium thallium phosphate 
phosphors when various amounts of zine were 
substituted for calcium. The peak of emission is 
shifted toward the shorter wavelengths as the 
amount of zine is increased. The shift is more pro- 
nounced at low percentages of zinc. 


2 Trade-mark Reg., U. 8. Pat. Office. 
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method (Fig. 3). Small plaques of exactly the 
same size were exposed to radiations from a quartz 
Sterilamp. The emitted erythemal radiations were 
read by a zirconium phototube WL-767 using a 
9700 filter and an amplifier. Measurements of the 
response of the zirconium cell showed that the 
long wavelength cut-off very nearly approximated 
the erythemal effectiveness curve in this region. 


In this manner, a large number of samples could 
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be rapidly compared for their relative erythemal 
output. 

Measurements of the spectral energy distribu- 
tion and of the total ultraviolet energy emitted 
from 40 watt fluorescent sunlamps were made for 
us by the National Bureau of Standards. The 
data were given in microwatts per square centi- 
meter for 5 millimicron bands of wavelengths, at 
a distance of 3 meters from the center of the lamp. 
The phosphor was coated on 9821 glass in the 
normal manner and made into lamps. However, 
in order to obtain the maximum erythemal out- 
put, it was necessary to apply only a very thin 
coating. The spectral energy distribution of a lamp 
in 9821 glass is given in Fig. 4. The total emitted 
ultraviolet energy of such a fluorescent sunlamp 
varies from 7.5 to 8.7 watts depending upon the 
thickness of the glass and phosphor coating. The 
secondary peak at 3630 A represents the mer- 
cury line 3650 A. 

To determine the amount of erythemal energy 
emitted from the lamp, the energy at various 
wavelengths was multipled by the erythemal effec- 
tiveness at the corresponding wavelengths pro- 
posed by the International Committee on Illu- 
mination (3). This gives a total of 1300 to 1750 
milliwatts of effective erythemal energy from a 





Fic. 3. Apparatus for measuring the erythemal re- 
sponse of phosphor powders. 


CT 


10 watt sunlamp. Skin tests, based on the value 













































































| 
| Kh 
4+ 
5 © | ," 
F 
. ’ , , wl 
Fic. 4. Spectral energy distri- y 
bution of a fluorescent sunlamp 2 
made with calcium zine thallium 4 ~ F 
phosphate phosphor in 9821 glass. © 
20 2S a ao oo —f-— 
| C 





























2800 3000 3200 3400 3600 3800 4000 


WAVELENGTH IN ANGSTROM UNITS 


UMI 








32 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


of 18 milliwatts-seconds per square centimeter on 
untanned skin as a minimal perceptible erythema, 
proved the above output to be very nearly cor- 
rect. It must be remembered that there is con- 
siderable variation in the response of different 
individuals and that such tests are only indicative 
of the approximate magnitude of a lamp output. 

Lamps made from Vycor glass indicate that the 
erythemal energy between 2500 A and 3200 A 
can be increased by at least 25 per cent. However, 
since it Is necessary to apply a very thin coating 
of phosphor for maximum erythemal output, a 
considerable amount of 2537 A radiations would 
also be emitted. It is for this reason that 9821 
glass is used which unfortunately does not have 
a very sharp cut off and absorbs some of the ery- 


themal radiations. 
DISCUSSION 


The gradual shifting of the peak of emission 
of calcium thallium phosphate by the addition 
of increasing increments of zinc strongly suggests 
that this element modifies the crystal constants. 
X-ray diffraction studies show a contraction of the 
lattice, but retention of the calcium phosphate 
structure. The shifting of the fluorescence to 
shorter wavelengths has also been observed with 
additions of magnesium and potassium to caleium 
phosphate phosphor. The effect of potassium on 
the shift to the shorter wavelength has been re- 


ported by Clapp and Ginther. However, the 
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erythemal energy from sunlamps made from these 
phosphors was much less than from calcium zine 
thallium phosphate. 

When compared on the basis of emitted ery- 
themal energy fluorescent sunlamps made from 
calcium zine thallium phosphate are much more 
efficient than any other source and more than 
twice as efficient as a sunlamp made with calcium 
thallium phosphate phosphor. This is so because 
the peak of emission has been shifted to lower 
wavelengths, and, therefore, a greater proportion 
of the energy falls within the erythemal band. 
Since the bactericidal and antirachitie action 
bands extend to 3200 A, this phosphor will also 
be more than twice as efficient in destroying 
bacteria and producing vitamin D than the best 
calcium thallium phosphate. Thus there is now 
available an inexpensive source of space erythemal 
energy for therapeutic use, for prevention of 
rickets in both man and animals, for tanning or 
cosmetic applications, and for various photo- 
chemical processes. 


Any discussion of this paper will appear in a Discus- 
sion Section, to be published in the December 1950 issue 
of the JouRNAL 
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Sulfide Infrared Quenching Phosphors"’ 


T. MeELAMED 


Polytechnic Institute of Brooklyn, New York 


ABSTRACT 


The infrared quenching bands of zine sulfide, activated by copper and by manganese, 


iron, nickel, or cobalt, were measured. They were found to be the same for each of the 


latter four activators. They are 


, therefore, attributed to the presence of copper. The 


quenching bands of copper activated zine sulfide are similar to the stimulation bands 


of copper activated zine sulfide containing either lead or manganese. Infrared stimula- 


tion and quenching are 


, therefore, believed to result from the same process. From 


measurements of photoconduction and the effect of cadmium sulfide on infrared quench 


ing, the quenching bands are shown to be due to both deep and shallow traps associated 


with the auxiliary activator. A model is proposed for these traps 


Two types of infrared-sensitive phosphors of 
zine sulfide are known: those whose emission is 
stimulated and those whose emission is partially 
or totally quenched by infrared irradiation. Both 
types apparently require the presence of two acti- 
vators. In the infrared stimulable group is zine 
sulfide activated either by copper and lead, or by 
copper and manganese. These phosphors have 
Urbach 
the stimulation of the zine sulfide, 
the 
concentration of the copper ion. In the infrared 


been described by Fonda (1). (2) has 
that 


lead-copper phosphor is dependent 


shown 


upon 


quenching group is zinc sulfide activated with 
copper or with silver and with one of the elements 
iron, cobalt, or nickel. The latter have long been 
eXCeSSIVe 


known as poisoning agents since, in 


amounts, they cause a large decrease in the in- 
tensity of luminescence of either copper or silver 
activated zine sulfide. In concentrations of the 
order of 10-* moles per mole of base material they 
induce infrared quenching of either the copper or 
silver emission without unduly decreasing their 


phosphorescence. 


EXPERIMENTAL PROCEDURES 


Preparation of Samples 


Samples were prepared by adding solutions of 


the activators to a weighed amount of zine sul- 


! Manuscript received August 10, 1949. This paper 
prepared for delivery before the Philadelphia Meeting, 
May 4 to 7, 1949 

2 The main part of this work was carried out undet 
contract NObsr 39045 bet ween the Polytechnic Institute 
of Brooklyn and the Bureau of Ships. This paper is ab 
stracted from part of a thesis submitted by Nathan T 
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fide, together with a small amount of sodium 
chloride as a flux. For activation with lead, how- 
ever, it Was more convenient to add a weighed 
amount of solid lead sulfate. The mixtures were 
evaporated to dryness at 90°C and dried by heat- 
ing at 200°C. They were then thoroughly ground 
in a drybox or dust-free hood, placed in small 
silica glass test tubes, and heated in a silica com- 
bustion tube at temperatures of 800° to 1200°C 
in an atmosphere of prepurified nitrogen. The 
heating period was from one half to one hour. 
Some of the samples were prepared as 2 in. (0.95 
em) cylinders by molding the powder at a pressure 
of 35,000 pounds prior to heat treatment. Except 
for the lead phosphors the concentration of activa- 
tors is given as moles of activator per mole of 
base material. 
Description of Apparatus 

The properties of the phosphors which were of 
especial interest in this work are emission spectra, 
quenching and stimulation spectra, and photo- 
conductivity. 

Quenching and stimulation bands were meas- 
ured with the aid of the apparatus shown sche- 
matically in Fig. 1. It consisted of an 8 in. (20 em) 
spherical mirror A with a 3 in. (1.27 em) hole at 
its center. The phosphor was mounted at B and 
a photocell was fixed at C, the conjugate focus of 
B. Corning filters No. 3389 and 5031 and a filter 
consisting of a 5 per cent solution of copper sulfate 
were mounted at D to shield the photocell from 
Melamed in partial fulfillment of the requirements for 


the degree of Doctor of Philosophy 
Institute of Brooklyn. 


at the Polytechnic 
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ultraviolet and infrared radiations. This as- 
sembly was enclosed in a box painted black on 
the inside. A Beckman quartz spectrophotometer 
was used as a source of monochromatic infrared of 
variable wavelength and intensity. The phosphor 
was excited by a beam of ultraviolet passing 
through a hole in the top of the box. Measure- 
ments of quenching or stimulation as a function 
of wavelength of infrared were obtained under 
equilibrium conditions with simultaneous infrared 
and ultraviolet irradiation. The intensity of ir- 
radiation was generally calculated on the basis 
of an equal number of photons at each wavelength 
of infrared, although the results so obtained did 
not differ significantly from those obtained on the 
basis of equal energy irradiation. 
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Fic. 1. Apparatus for measuring quenching and stim 
ulation bands. 


Emission spectra were obtained by means of a 
constant deviation spectrometer equipped with 
a Pellin-Broca prism. The phosphor was mounted 
near the entrance slit and was illuminated from 
above by an ultraviolet lamp. A source of in- 
frared, placed in front of the phosphor, made it 
possible to compare the emission spectrum of the 
phosphor irradiated with infrared and ultraviolet 
with the spectrum obtained with ultraviolet alone. 
A 931 A photomultiplier tube placed at the exit 
slit was used to measure the intensities of emitted 
light at different wavelengths. The measurements 
obtained were corrected for the spectral sensitivity 
of the phototube and the dispersion of the prism. 

Measurements of photoconductivity were made 
with a sample 1 mm x 1 mm x } mm which was 
mounted in an electrode assembly. Two opposite 
edges of the sample were painted with a con- 
ducting silver paint to obtain good electrical con- 
tact between electrode and sample. The photo- 
current was measured by means of a direct coupled 
amplifier employing a 959 acorn tube as an elec- 


trometer tube. Three 45-volt dry cells in series 
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supplied the d-c field. The Beckman spectrophoto- 
meter was used as the source of infrared. The 
entire assembly was shielded, and shielded coaxial 
cables of minimum length were used as leads. The 
photocurrents were too small to be corrected for 
polarization, hence the actual magnitudes of the 
photocurrents are in error. Polarization effects 
were kept to a minimum by keeping the time re- 
quired for each measurement as short as possible 
and by depolarizing the sample between readings. 


60}. 


30 


% QUENCHING 








Fic. 2. Per cent quenching as a function of infrared 
wavelength. @—ZnS:Cu 10°-* moles/gram, Co 10° 
moles/gram; O—ZnS:Cu 10°* moles/gram, Co 10° 
moles/gram. 


EXPERIMENTAL RESULTS 
Infrared Quenching Phosphors 


Quenching bands.—Because cobalt is the most 
effective of the quenching activators, the zinc 
sulfide, copper-cobalt phosphor was studied first. 
A qualitative investigation of the wavelengths 
which produced quenching indicated that, with 
this phosphor, quenching can occur by irradiation 
with wavelengths as short as 4700 A. At shorter 
wavelengths excitation takes place. In the region 
of 4700 A, excitation and quenching probably 
occur simultaneously. Quantitative measurements 
using the apparatus of Fig. 1 indicated the pres- 
ence of two quenching bands with maxima at 
13,000 A and 7800 A. Fig. 2 shows the results ob- 
tained with two phosphors containing different 
amounts of cobalt. The apparatus, unfortunately, 
did not permit accurate measurements of quench- 
ing at wavelengths shorter than 6000 A so that 
the short wavelength side of the 7800 A band was 
not established. 

In order to determine which of the activators 
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gave rise to the quenching bands, measurements 
were performed with zine sulfide activated with 
copper and with manganese, iron, cobalt, or nickel. 
The results given in Fig. 3 show that the quenching 
bands for each of these activators are the same. 
Hence they are due either to copper or to the 
zine sulfide. Attempts were made to measure 
quenching bands of zine sulfide phosphors acti- 
vated with silver in place of copper, but the re- 
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Fic. 3. Per cent quenching as a function of wave- 
length for different activators. 


sults were inconclusive since the phosphors 
exhibited a greenish phosphorescence indicative 
of copper contamination. 

Photoconductivity —Measurements of photocon- 
ductivity were made using a sample of composi- 
tion ZnS: 10~* Cu, 10-* Co. The results for photo- 
conductivity as a function of wavelength of 
irradiation are shown in Fig. 4. The sharp rise in 
photoconductivity at 5000 A is due to excitation. 
Two other bands are present with maxima at 
7800 A and 12,000 A. As has been previously 
mentioned, the results are not corrected for polar- 
ization, hence the bands are probably somewhat 
distorted. The results are sufficient, however, to 
show that photoconduction occurs when the 
phosphor is irradiated in the quenching bands. 

The photoconduction due to the 7800 A band 
was found to be dependent on the previous state 
of excitation. For a totally exhausted phosphor, 
no photoconduction occurred with 8000 A. ir- 
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radiation. If the phosphor was excited for a period 
of time, then allowed to decay until no dark 
current could be detected, exposure to 8000 A 
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Fic. 4. Photocurrent as a function of wavelength of 
irradiating light. 
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Fic. 5. Photocurrent due to 8000 A irradiation as a 
function of time of 4500 A excitation. 


radiation resulted in photoconductivity. The 
dependence of photoconducitivity under 8000 A 
illumination as a function of time of excitation 
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is shown in Fig. 5. The photoconductivity even- 
tually reached a maximum value after long periods 
of excitation and remained constant after addi- 
tional excitation. These results indicate that the 
7800 A band is a deep trap. 

Effect of cadmium sulfide—\n order to deter- 
mine whether the base material is responsible for 
the quenching bands, these bands were deter- 
mined for samples of zine sulfide containing 
various amounts of cadmium sulfide. It is well 
known that cadmium sulfide forms solid solutions 
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MOLE % CADMIUM 
Fic. 6 Changes in absorption edge and emission 
peaks of ZnS activated by Ag or Cu due to addition of 
Cds 


with zine sulfide and that the addition of cadmium 
sulfide to zine sulfide activated with silver or 
copper causes the emission of these activators to 
shift toward longer wavelengths. In a similar 
manner, the absorption edge of the base material 
is also shifted to longer wavelengths. The emission 
peaks and the absorption edge of the base material 
as functions of cadmium sulfide concentration are 
given in Fig. 6 for two series of (Zn, Cd)S phos- 
phors activated with silver and with copper. 
Some of the points are taken from published data 
(3, 4). The ordinate, plotted in electron volts, 
indicates that, as the concentration of cadmium 
sulfide increases, there is a uniform decrease in 
energy of emission and absorption. On the basis 
of the band model for luminescence, Randall (5) 
has suggested that this phenomenon may be the 
result of a lowering of the conduction band with 
respect to the ground state and activator levels 
due to the introduction of cadmium sulfide. The 
positions of the activator levels with respect to the 
ground state are assumed to remain substantially 
constant. 
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To check the effect of cadmium on the quench- 
ing bands, samples of composition ZnS, XYCds, 
10-' Ag, 10° Co, where XY was 0.5 and 10 mole per 
cent, were used. The results of measurements 
using these phosphors are shown in Fig. 7 which 
gives the positions of the quenching bands. Al- 
though the addition of cadmium sulfide caused a 
shift of the emission and absorption edge toward 
longer wavelengths, it is clear that no shift oc- 
curred in the 13,000 A quenching band. This 
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Fic. 7. Per cent quenching vs. irradiating wavelength 
for solid solutions of ZnCds. 


conforms to the results reported by Fonda (1) 
concerning the stimulation band of the zine sul- 
fide, lead-copper phosphor. It would, therefore, 
seem reasonable to suppose that the 13,000 A 
band arises from an electronic transition between 
two levels lying below the conduction band and 
not from a transition directly to the conduction 
band. There appears to be a shift of the 7800 A 
band to somewhat longer wavelengths, but un- 
certainty of the measurements does not permit 
such a close interpretation. An examination of 
Fig. 6 indicates that the addition of 10 per cent 
cadmium sulfide results in a decrease in energy of 
0.1 electron volts. In the case of the 7800 A band, 
this would result in a shift from 7800 A to 8300 A, 
a difference of only 500 A, whereas a similar de- 


crease in energy of the 13,000 A band would re- 
sult in its displacement to 14,500 A, a difference 
of 1,500 A. The location of the peaks of the 
quenching bands could not be obtained with 
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cadmium sulfide concentrations greater than 10 
per cent. 

It can be seen from Fig. 7 that the per cent 
quenching decreases with increasing concentra- 


tion of cadmium sulfide. In order to measure the 
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Fic. 9. Stimulation bands of ZnS:Cu:Pb phosphor 
compared with the quenching bands of a ZnS:Cu:Co 
phosphor. A—ZnS:Cu 10°! moles/gram, 3 per cent 
PbSO,; B-—ZnS:Cu, Co for comparison. 


per cent quenching as a function of greater cad- 
mium sulfide concentrations than was_ possible 
with the apparatus used for measuring quenching 
bands, a infrared than 
could be obtained from the Beckman was neces- 


more intense beam of 


sary. The apparatus employed for measuring 


emission spectra was used, the per cent quenching 
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being measured at the emission peak of the 


had 


that the per cent quenching is uniform over the 


phosphor. (Previous shown 


measurements 
measurable portion of the emission band.) The 
filter 
mission band with a maximum at 12,500 A with 
no detectable transmission at wavelengths shorter 
than 9000 A. Fig. 8 shows the per cent quenching 
obtained with three different 


used for the infrared source had a trans- 


intensities of in- 
frared as a function of cadmium sulfide concentra- 
tion. The abscissa is plotted in terms of both the 
approximate concentration of sulfide 


the emission ex- 


cadmium 
and the peak wavelength of 
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Fic. 10. Per cent stimulation vs. irradiating wave 
length for solid solutions of ZnCdS activated by Cu and 


Pb. 


pressed in electron volts. It is seen that increasing 


the amount of sulfide decreases the 


per cent quenching and that infrared quenching no 


cadmium 


longer occurs above 50 mole per cent of cadmium 
sulfide. Inasmuch as the phosphorescence de- 
creases with addition of appreciable amounts of 
cadmium sulfide and is no longer present at con- 
centrations greater than about 50 mole per cent, 
by the 13,000 A band is pre- 
sumed to be dependent on the presence of phos- 


phorescence traps. 


infrared quenching 


Infrared Stimulating Phosphors 


bands.—The well-known in- 
frared-stimulating phosphors of zine 


Stimulation two 


sulfide are 
and lead, or ‘with 
copper and manganese. Both are reported to have 
the same stimulation bands ( The stimulation 
bands of the ZnS, Cu-Pb phosphor have been re- 
ported (2, 6). The a Zns, 


those activated with copper 


stimulation bands 
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Cu-Pb phosphor are shown in Fig. 9, together 
with the quenching bands of a ZnS, Cu-Co phos- 
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Fic. 11. Emission spectrum of ZnS, 5% CdS Cu 10~°, 
1% PbSO,, under continuous excitation, with and with- 
out infrared irradiation. The per cent quenching and 
stimulation as a function of wavelength are shown 
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Fic. 12. Emission spectrum of ZnS, 10% Cds, Cu 
10-*, 3% PbSO, under continuous excitation, with and 
without infrared irradiation. The per cent quenching and 
stimulation are shown above. O—No infrared; @ —infra- 
red on. 


phor for comparison. The stimulation and quench- 
ing bands are identical. 
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Effect of cadmium sulfide-—Fig. 10 shows the 
stimulation bands for ZnS, Cu-Pb phosphor con- 
taining different amounts of cadmium sulfide. A 
comparison of Fig. 10 with Fig. 7 shows cadmium 
sulfide to have the same effect on the stimulation 
bands as it has on quenching bands. In ZnS, 
Cu-Pb phosphors, Urbach (2) regards copper as 
the auxiliary activator and attributes to it the 
stimulation bands. Since the quenching bands of 
the zine sulfide-copper phosphors are also due 
to copper, it is reasonable to suppose that the 
role of copper is the same in both types of phos- 
phors. Inasmuch as infrared irradiation causes the 
stimulation of the emission of the dominant ac- 
tivator, in this case lead, we might expect a 
simultaneous quenching of the copper emission 
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Fic. 13. A model for the traps which give rise to the 
13,000 A and the 7800 A infrared sensitive bands. 


in the ZnS, Cu-Pb phosphors. In order to observe 
this quenching, measurements of emission spectra 
were made. 

Emission spectra.—Emission spectra for two 
(Zn, Cd)S, Cu-Pb phosphors are shown in Fig. 
11 and 12. The emission spectra were measured 
under continuous ultraviolet excitation with and 
without infrared irradiation. The copper and lead 
emission bands for (Zn, Cd)S, Cu-Pb phosphors 
are sufficiently close together so as not to be 
readily distinguishable. The estimated positions 
of their peaks are indicated on the two figures. The 
phosphor whose emission spectrum is illustrated 
in Fig. 11 contained 10-* moles of copper per 
mole of zine sulfide. The dominant effect of in- 
frared is to produce stimulation of the lead band. 
It is apparent, however, that simultaneous 
quenching of the copper band occurs under in- 
frared irradiation. The per cent stimulation and 
quenching are plotted along the same wavelength 
scale at the top of the figure. The sample chosen 
for Fig. 12 contained a greater concentration of 


copper, 10~* moles per mole of band, and the 
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dominant effect observed is the quenching of the 
copper emission by the infrared. The simultaneous 
stimulation of the lead emission is quite evident, 
however. A more extended study of the phe- 
nomenon in the zine sulfide, manganese-copper 
phosphor has been made (7). 
Discussion 

The results obtained with the zine sulfide, 
lead-copper phosphors appear to establish a 
fundamental connection between the processes of 
stimulation and quenching. Both phenomena are 
caused by absorption in the same bands, although 
the stimulation occurs in the 
dominant activator whereas quenching is con- 


the emission of 


fined to the auxiliary activator emission. Urbach 
(8) reported that the quenching bands for singly 
activated strontium sulfide-bismuth phosphors are 
with the bands of the 
strontium sulfide, bismuth-cerium phosphor. He 


identical stimulation 
regards this as a general property of all auxiliary 
With zine sulfide 
phosphors which contained iron, cobalt, or nickel 
in conjunction with copper, no stimulation has 


activators. regard to those 


been observed, although in all other respects 
they behave in a manner similar to the zine 
sulfide, copper-lead or zine sulfide, copper-man- 
ganese phosphors. It is reasonable to suppose, 
therefore, that the transitions occurring within 
nickel are either 
nonradiative or have emissions in the near in- 


the activators iron, cobalt, or 


frared. On the basis of absorption measurements 
made on zine sulfide activated with these elements, 
we have concluded that they are similar to man- 
ganese and that a red or infrared emission is to 
be expected. A red emission has been attributed to 
iron (9, 10). 

It appears fairly certain that the phospho- 
rescence traps are involved in the stimulation and 
quenching processes, at least with regard to the 
13,000 A band. This conclusion derives some sup- 
port Fonda and the 
behavior of the zine sulfide, copper-lead phosphor 
at low temperatures (1). The nature of the 7800 
A band is not so clear, for reasons previously 
mentioned. The model presented in Fig. 13 
attempts to relate the 7800 A and 13,000 A bands 
and is presumed to be equally valid for infrared 
stimulated phosphors as well as for quenching 


from the observations of 
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phosphors. Qualitatively it may explain some ‘of 
the results obtained by other investigators on 
infrared phosphors, such as the slow buildup ‘of 
phosphorescence during the initial stages of stim- 
ulation which has been reported by Ellickson for 
the strontium selenide, europium-samarium phos- 
phor (11). Such an effect would be expected if 
the stimulation were affected by irradiation in the 
band which corresponds to the 13,000 A band in 
zine sulfide. Since the 13,000 A transition is a two 
step process, of which the step of an electron going 
from level A to the conduction band is thermally 
activated, infrared stimulation should be tem- 
perature dependent and should decrease with 
decreasing temperature. Such effects have been 
observed by Garlick (12). 
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